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Introduction
Abstract:
Neutron stars are the most compact objects that can be directly ob-
served. In this thesis, I study the X-ray emission from neutron star low-
mass X-ray binaries, focusing on their accretion states, surface emission
and thermonuclear X-ray bursts.
1.1 Low-mass X-ray binary systems
Most stars in our universe are born in double or multiple systems; in partic-
ular, binary star systems contain two stars that orbit around their common
center of mass. A special class of binary stars is the one of X-ray binary sys-
tems that consist of a normal star and a compact star (a white dwarf, neutron
star, or black hole, see Figure 1.1). X-ray binaries are among the brightest
extra-solar objects in the X-ray sky, and are characterized by dramatic vari-
ability in brightness on timescales ranging from milliseconds to months and
years. The main source of power in these systems is the gravitational energy
released by matter accreted from a companion star and falling onto a neutron
star (NS) or a black hole (BH), and these objects provide a unique window
into the physics of strong gravity and dense matter. There are two different
types of X-ray binaries, high-mass X-ray binaries (HMXB) and low-mass X-
ray binaries (LMXB), depending on whether the mass of the companion star
is lower or higher than approximately two solar masses. In both cases, the
accreting star can be either a NS or a BH. A HMXB is a binary-star system8 Introduction
Fig. 1.1: Graphic illustration of a low-mass X-ray binary with its main features la-
belled. The companion star (right) ﬁlls its Roche lobe and transfers matter to the
compact object (left) through an accretion disk. The image was produced with the
program BINSIM developed by Rob Hynes.
‘
that is strong in X rays, and in which the normal stellar component is a mas-
sive star: usually an O or B star, a Be star, or a blue supergiant. In the HMXB
systems, the donor has strong winds, and the stellar winds play a major role
in accreting matter onto the compact object. In the LMXB systems, the donor
is a slowly evolving low-mass main-sequence star, and the accretion is driven
by Roche lobe overﬂow.
In this thesis I will focus on the LMXBs. In LMXB systems, the compact
object and the companion star orbit so closely that mass transfer proceeds
from the companion star to the compact object via Roche lobe overﬂow. The
donor in LMXB is less massive than the compact object, and can a the main
sequence, a degenerate dwarf (white dwarf), or an evolved star (red giant).
The mass transfer onto the compact object is much slower and more con-
trolled than in the HMXB systems. Due to conservation of angular momen-
tum, the matter cannot fall directly onto the compact object and so it spirals
in, forming a disk around the compact object. This disk is called an accretion
disk.
More than 200 LMXBs have been observed during the last few decades1.2: X-ray spectra analysis 9
(Liu et al. 2007); most of these LMXBs contain a NS. Thermonuclear, Type-I,
X-ray bursts have been observed from over 70 LMXBs (see Liu et al. 2006, and
references therein), and the X-ray bursts can help us identify the nature of the
compact object (see Sec. 1.4).
1.2 X-ray spectra analysis
Fitting the energy spectra with physical models can help us understanding
the energy distribution of the X-ray photons from the source, while it gives
direct information on physical quantities of the systems. However, the spec-
tral parameters depend strongly on the models that we use. The physical
reality of these models is still uncertain, and in many cases the data can be
satisfactorily described by different physical models. A model-independent
approach that is widely adopted makes use of the X-ray colours to roughly
estimate the spectral properties of X-ray binaries. An X-ray colour is obtained
by dividing the energy spectrum into a few (typically 3 for black holes and 4
for neutron stars) energy bands and calculating the count-rate ratio between
two different energy bands. In this thesis, I deﬁned the soft colour as the
count rate in the 3.5−6.0 keV band divided by the count rate in the 2.0−3.5
keV band, and the hard colour as the count rate in the 9.7−16.0 keV band
divided by the count rate in the 6.0−9.7 keV band. I used data of the Crab
pulsar nebula taken close to each observation to correct for instrumental ef-
fects (e.g. Altamirano et al. 2008; Zhang et al. 2009). Note that this way of
correcting the instrumental effect assumes that the spectrum of the Crab is
constant, whereas recently Wilson-Hodge et al. (2011) found variation of up
to ∼ 7% in the ﬂux of the Crab. In Figure 1.2 I show an example of a colour-
colour diagram (CD) and a hardness-intensity diagram (HID) for the LMXB
4U 1728–34.
NS-LMXB can be divided into two main classes, the Z and the atoll
sources, according to their X-ray spectral and timing properties and the pat-
tern that they trace in the CD (Hasinger & van der Klis 1989). The Z-type
sources, with their high mass accretion rate, are more luminous than the atoll
sources. Most of the atoll sources, and about half of the Z sources, show
thermonuclear X-ray bursts, which allows us to identify them as NS-lmxb.
In atoll sources (See Figure 1.2(a)), as ˙ M onto the NS increases, the source
moves from the top right to the bottom right on the CD (Hasinger & van der
Klis 1989; M´ endez et al. 1999).
1.3 Neutron star
Neutron stars were ﬁrst proposed theoretically in 1933 by Baade & Zwicky
(1934); they suggested that a supernova was the result of a normal star tran-10 Introduction
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Fig. 1.2: Colour-colour (top panel) and hardness-intensity (bottom panel) diagram
for the NS-LMXB 4U 1728–34. The gray points show the 256s average colour and the
black point represent the colour per observation. Data taken with the Rossi X-ray
Timing Explorer.
sitioning to a neutron star. In 1939, Oppenheimer and Volkoff solved the
general relativistic stellar structure equation for a pure neutron gas to obtain
the interior structure of a NS. Observationally, the ﬁrst neutron star was dis-
covered by Jocelyn Bell in 1967.
Figure 1.3 shows a schematic structure of a neutron star (see Page &1.3: Neutron star 11
Fig. 1.3: Structure of the various regions of a neutron star. (Figure adapted from
http://www.astroscu.unam.mx/neutrones/NS-Picture/NStar/NStar.html).
Reddy 2006, for details). Unlike regular stars, neutron stars do not generate
heat in the core by means of thermonuclear reactions. The internal structure
and composition of an accreting neutron star can be summarized as follows:
From outside to inside, a thin atmosphere, a metal-poor ocean, a metal-rich
solid crust, and a core, mostly made of neutrons, that contains most of the
total mass. The typical mass of a neutron star is about 1.4 M⊙, and the ra-
dius is probably about 10 km. The density in the core can reach up to ∼ 1015
g cm−3, which makes NSs the most compact and densest objects in the uni-
verse. Therefore NS can be used as laboratories for studying fundamental
particle physics.
Precise measurements of the neutron star mass and radius can reveal how12 Introduction
compressible matter is at these extreme densities and can constrain the dif-
ferent possible equations of state (EOS). One way to measure the neutron star
mass and radius is through a combination of spectroscopic phenomena ob-
served from the NS surfaces during thermonuclear X-ray bursts (van Paradijs
1979; ¨ Ozel 2006), if one assumes the X-ray spectrum can be well explained by
a blackbody. This method is challenged by the fact that the colour-correction
factor changes during the burst decay (see section 4). The colour-correction
accounts for hardening of the spectrum arising from electron scattering in the
NS atmosphere (London et al. 1986; Madej et al. 2004).
Another way to derive constraints on the radius of NSs is from spectral
ﬁts to their X-ray emission if the temperature, composition of atmosphere,
and distance to a NS are known and the magnetic ﬁeld is sufﬁciently weak
not to affect the opacity or temperature distribution on the NS surface. These
requirements can be fulﬁlled for X-ray observations of quiescent NS-LMXB,
particularly those located in globular clusters to which the distances are well
known (Zavlin et al. 1996; Brown et al. 1998).
1.4 Thermonuclear X-ray burst
Thermonuclear, type-I, X-ray bursts (also known as X-ray bursts, or simply
bursts), are due to unstable burning of H and He on the surface of accreting
neutron stars in LMXBs. During these bursts (See Figure 1.4), the X-ray ﬂux
increases by a factor of ten to hundred times the persistent emission level
within a second or less, and then decreases more or less exponentially within
a few tens of seconds (e.g., Lewin et al. 1993; Strohmayer & Bildsten 2003;
Galloway et al. 2008a). Most of these X-ray bursts have standard, single-
peaked, fast rising and exponentially decaying light curves.
1.4.1 Burst proﬁles
Figure 1.4 shows four different types of bursts observed from the LMXB 4U
1636-53. The differences in rise and decay timescales can generally be well ex-
plained by differences in mass accretion rate and the chemical composition of
the NS surface (Fujimoto et al. 1981; Narayan & Heyl 2003). At low accretion
rates, due to the low temperature in the burning layer, the accreted hydrogen
burns unstably, and produces an X-ray burst in a H-rich environment with a
slow rise and decay timescales (see top middle panel of Figure 1.4). Hydro-
gen burning proceeds more slowly, because it is limited by the β-decay mod-
erated by the weak force. At higher accretion rates, accreted hydrogen burns
stably into helium, building a pure helium layer on the NS surface. The fuel
layer heats steadily until He ignition occurs and the He burns via the triple-α
process. The He burning is extremely unstable, and the He bursts show fast1.4: Thermonuclear X-ray burst 13
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Fig. 1.4: Example light curves of X-ray bursts observed with RXTE from the LMXB
4U 1636–53. The top left panel shows a burst with fast rise and decay, likely pro-
duced from burning of He. The top middle panel shows a burst with somewhat
slower rise and decay, characteristic of mixed H/He fuel. The top right panel shows
an X-ray burst with a double-peak proﬁle. The bottom panel shows a superburst
with ∼ 4 hour duration.
rise and decay timescales (see top left panel of Figure 1.4). However, there
have been several detection of bursts that have multiple-peaked light curves
(see top right panel of ﬁgure 1.4 and Sztajno et al. 1985; van Paradijs et al.
1986; Bhattacharyya & Strohmayer 2006a; Zhang et al. 2009, for detailed dis-
cussion). The mechanism for multiple-peaked bursts is still unclear.
Several superbursts with extremely long duration (see bottom panel of
ﬁgure 1.4 for an example) have also been detected (Wijnands 2001; Kuulkers
et al. 2004; Strohmayer & Markwardt 2002). These bursts emit a thousand
times more energy than normal type-I X-ray bursts (Kuulkers et al. 2004; Ku-
ulkers 2004). Superbursts are thought to be the result of unstable carbon
burning in the ashes of hydrogen or helium burning (Strohmayer & Mark-
wardt 2002; Cumming & Bildsten 2001; Keek & Heger 2011).14 Introduction
Fig. 1.5: X-ray burst oscillations in 4U 1702–43. The solid histogram shows the X-ray
intensity history of the X-ray burst. The contours show the Fourier power level as
a function of frequency and time, indicating a drifting oscillation starting at 328 Hz
(t=7 s ) and ending at 330.5 Hz. Adapted from Strohmayer & Markwardt (1999).
If the peak ﬂux of the very bright bursts can reach the Eddington lumi-
nosity at the surface of the NS, the radiation pressure equals or exceeds the
gravitational force, and the photosphere expands. These bursts are called
photospheric radius expansion (PRE) bursts (Basinska et al. 1984a). Since the
Eddington luminosity should impose an upper limit to the peak ﬂux of the
PRE burst, the observation of these bursts might provide a standard candle
that could be used to determine the distance to the source.
1.4.2 Burst oscillations
Observations of type-I X-ray bursts from NSs in LMXB with RXTE have re-
vealedlarge amplitude, high coherence X-ray brightness oscillations with fre-
quencies in the 11–620 Hz range in 17 sources (see the review by Watts 2012).
All of the sources with burst-oscillations are in LMXBs with orbital periods
(where known) in the range 1.4 to 19 hours (Tauris & van den Heuvel 2006).
The frequencies of the oscillations drift by a few Hz over ∼ 2−5 s during the
bursts, asymptotically reaching a maximum frequency that is unique and re-
producibleforthesourcesinwhichthisphenomenonisobserved(e.g., Figure1.5: The Rossi X-ray Timing Explorer 15
1.5). Substantial spectral and timing evidence point to rotational modulation
of the X-ray burst ﬂux as the cause of these oscillations, and it is likely that
these oscillations reveal the spin frequencies of NSs in LMXB from which
they are detected (Strohmayer et al. 1997; Chakrabarty et al. 2003).
The mechanism that produces burst oscillations, and why these os-
cillations are not present in all type-I X-ray bursts, still remains unclear
(Strohmayer et al. 1996, 1998a; Muno et al. 2002; Muno 2004). Burst oscilla-
tions have been explained as arising from rotation of a brightness asymmetry
on the NS surface at the spin frequency of the NS (Strohmayer et al. 1997).
There are several burst-oscillation models proposed in the recent literature,
including thermonuclear ﬂame spread, nuclear processes, modes excited in
the burning layer, effect of the magnetic ﬁeld and rapid rotation (Strohmayer
et al. 1996; Bildsten 1995; Spitkovsky et al. 2002; Cumming & Bildsten 2000;
Heyl 2004; Piro & Bildsten 2005).
1.5 The Rossi X-ray Timing Explorer
The Rossi X-ray Timing Explorer (Bradt et al. 1993, RXTE: ) was launched on
December 30, 1995, from the NASA Kennedy Space Center into a circular or-
bit at an altitude of 580 km, corresponding to an orbital period of about 96
minutes. Originally designed for a lifetime of two years with a goal of ﬁve,
RXTE spectacularly passed that goal and completed 16 years of observations
before being decommissioned on January 5, 2012. The satellite provided un-
precedented views into the extreme environments around white dwarfs, neu-
tron stars and black holes, covering time scales from microseconds to years
over a broad spectral range, from 2 to 250 keV.
RXTE carried three main scientiﬁc instruments on board, which were the
All-Sky Monitor (ASM; Levine et al. 1996), the Proportional Counter Array
(PCA; Jahoda et al. 2006) and the High-Energy X-ray Timing Experiment
(HEXTE; Rothschild et al. 1998). Figure 1.6 shows a schematic view of the
observatory with the three instruments indicated. The ASM observed > 80%
of the sky during each orbit with a spatial resolution of 3’ × 15’. ASM con-
sisted of three Scanning Shadow Cameras, each with a ﬁeld of view (FOV)
of 6o × 90o and an effective area of ∼30 cm2. It was sensitive in the 1.5−12
keV energy range and had a time resolution of 0.125 seconds. The ASM was
used for producing long term X-ray light curves for the brightest persistent
X-ray sources. Also, the ASM was useful for long-term monitoring of X-ray
sources and for detecting new transients or new outbursts from known tran-
sients. The main instrument onboard RXTE was the PCA, which consisted of
ﬁve identical proportional counter units (PCUs). These PCUs were sensitive
in the 2−60 keV energy range with a total effective area of ∼6500 cm2. The
PCA had a time resolution of ∼1µs and an energy resolution of ∼1 keV at16 Introduction
Fig. 1.6: Schematic view of the RXTE spacecraft and its three main scientiﬁc in-
struments: ASM, PCA and HEXTE. The picture was taken from the web page
http : //heasarc.gsfc.nasa.gov/Images/xte/xte spacecraft.gif.
6 keV. The combination of the large effective area and the high time resolu-
tion made the PCA extremely well suited for timing variability studies. The
HEXTE comprised two clusters, each with four scintillation detectors sensi-
tive to photons in the range 15−250 keV, collimated to view a common 1o
ﬁeld, and these eight detectors provided a total collecting area of 1600 cm2.
HEXTE had a time resolution of 8µs and an energy resolution of ∼10 keV at
60 keV.
1.6 XMM-Newton
XMM-Newton, the X-ray Multi-Mirror Mission, was launched on Decem-
ber 10, 1999 from Kourou, French Guiana into a 48-hours orbit (Jansen et al.
2001). It carries two distinct types of telescope: three Wolter type-1 X-ray tele-
scopes with different X-ray detectors in their foci, and a 30-cm optical/UV
telescope with a microchannel-plate pre-ampliﬁed CCD detector in its fo-1.6: XMM-Newton 17
Fig. 1.7: Schematic view of the XMM-Newton spacecraft and
its scientiﬁc instruments. The picture taken from http :
//xmm.esac.esa.int/external/xmm user support/documentation/.
cal plane. Therefore, XMM-Newton offers simultaneous access to two win-
dows of the electromagnetic spectrum: X-ray and optical/UV. XMM-Newton
carries three science instruments on board, which are the European Pho-
ton Imaging Cameras (EPIC), the Reﬂection Grating Spectrometer (RGS, den
Herderetal.2001)andtheOpticalMonitor(OM,Masonetal.2001). TheEPIC
instruments are equippedwith two MOS(MetalOxideSemi-conductor) CCD
arrays (Turner et al. 2001) and one pn CCD (Str¨ uder & et al. 2001) that work
as imaging spectrometers. The EPIC cameras offer the possibility to perform
extremely sensitive imaging observations over a ﬁeld of view of 30′ and the
energy range from 0.15 to 12 keV, with moderate spectral ( E/∆E ∼ 20 − 50)
and angular resolution (∼ 6′′ FWHM; ∼ 15′′ HEW). The EPIC pn camera can18 Introduction
be operated with very high time resolution down to 0.03 ms in the timing
mode and 0.007 ms (but with a very low duty cycle of 3%) in the burst mode.
Among the science instruments of XMM-Newton, the RGS is best suited for
high spectral resolution (E/∆E ≃ 100–500) X-ray spectroscopy in the energy
range 0.33–2.5 keV (5–38 ˚ A). The effective area of RGS is ∼ 140 cm2 at 15 ˚ A
(∼0.83 keV).
1.7 A guide to this thesis
In this thesis I present the study of neutron star low-mass X-ray binaries,
focusing on their X-ray emission, accretion states and thermonuclear bursts.
In Chapter 2 I report on the distance to the NS-LMXB EXO 0748−676 de-
duced from XMM-Newton data. The source underwent a transition to quies-
cence late in 2008, after it had been actively accreting for more than 24 years. I
analyzed an XMM-Newton observation of this source in quiescence, where I
ﬁttedthespectrumwithtwodifferentneutron-staratmospheremodels. From
theﬁtsIconstrainedtheallowedparameterspaceinthemass-radiusdiagram
for this source for an assumed range of distances to the system. Comparing
theresultswithdifferentneutron-starequationsofstate, Iconstrainedthedis-
tance to EXO 0748–676. I found that strange quark matter equations of state
are consistent with the mass and radius from our ﬁts only if EXO 0748–676 is
at a distance of less than 5 kpc, whereas the normal neutron star equations of
state are consistent with our best ﬁtting mass and radius if the distance is ∼
7 kpc, as deduced from properties of the thermonuclear X-ray bursts.
In Chapter 3 I present the discovery of a triple-peaked X-ray burst in the
NS-LMXB 4U 1636–53 with the RXTE. This is the ﬁrst triple-peaked burst
reported from any LMXB using RXTE, and it is only the second burst of this
kind observed from any source. (The ﬁrst one was also from this source and
was observed with EXOSAT in the 1980s.) I found no signiﬁcant oscillations
during this burst. This triple-peaked burst, as well as the one observed with
EXOSAT and the double-peak bursts in this source, all took place when 4U
1636–53 occupied a relatively narrow region in the CD, corresponding to a
relatively high (inferred) mass-accretion rate. No model presently available
is able to explain the multiple-peaked bursts.
In Chapter 4 I present the analysis of the cooling phase of type-I bursts
of the LMXB 4U 1636–53. I divided the bursts in three groups, photospheric
radius expansion (PRE), hard non-PRE and soft non-PRE bursts, based on the
properties of the bursts and the state of the source at the time of the burst. I
ﬁnd that the average relation between the bolometric ﬂux and the tempera-
ture during the cooling phase of the bursts is signiﬁcantly different from the
canonical F ∝ T4 relation that is expected if the apparent emitting area on the
surface of the neutron star remains constant as the ﬂux decreases during the1.7: A guide to this thesis 19
decay of the bursts. I ﬁnd that, for the three types of bursts, the temperature
distribution at different ﬂux levels during the decay of the bursts is signiﬁ-
cantly different. From the above I conclude that hard non-PRE bursts ignite
in a hydrogen-rich atmosphere, whereas for soft non-PRE and PRE bursts
the fuel is helium-rich. I further conclude that the metal abundance in the
neutron star atmosphere decreases as the bursts decay, probably because the
heavy elements sink faster in the atmosphere than H and He.
In Chapter 5 I present the analysis of all archival data of the LMXB sys-
tem 4U 1636–53 with RXTE. For the ﬁrst time, I correlated the behaviour of
the spectral parameters of the bursts with the presence of oscillations in the
decaying phase of these PRE bursts. I ﬁnd that, after the radius contraction
phase, in some bursts the blackbody radius reaches a minimum value fol-
lowed by a fast increase (short post touch-down phase or PTD phase). I do
not detect burst oscillations during the decaying phase of these bursts. In
other bursts, the blackbody radius reaches the minimum value followed by a
slow evolution (long PTD phase). I do detect tail oscillations in these bursts.
I compare the PTD time in the PRE bursts with and without tail oscillations,
and ﬁnd a signiﬁcant difference (5σ) between the two burst classes. This is
the ﬁrst time that the presence of burst oscillations in the tail of X-ray bursts
is associated with a systematic behaviour of the spectral parameters in that
phase of the bursts. This result is consistent with predictions of models that
associate the oscillations in the tail of X-ray bursts with the propagation of a
cooling wake in the material on the neutron-star surface during the decay of
the bursts.2
The distance and internal composition
of the neutron star in EXO 0748−676
with XMM-Newton
—Guobao Zhang, Mariano M´ endez, Peter Jonker and Beike Hiemstra—
MNRAS, 2011, 414, 107722 XMM-Newton observation of EXO 0748−676
Abstract
Recently, the neutron star X-ray binary EXO 0748−676 underwent a
transition to quiescence. We analyzed an XMM-Newton observation of
this source in quiescence, where we ﬁtted the spectrum with two dif-
ferent neutron-star atmosphere models. From the ﬁts we constrained
the allowed parameter space in the mass-radius diagram for this source
for an assumed range of distances to the system. Comparing the results
with different neutron-star equations of state, we constrained the dis-
tance to EXO 0748−676 . We found that strange quark matter equation
of state are consistent with the mass and radius from our ﬁts only if EXO
0748−676 is at a distance of less than 5 kpc, whereas, the normal neu-
tron star equation of state are consistent with our best ﬁtting mass and
radius if the distance is ∼ 7 kpc, as deduced from properties of the X-ray
bursts.2.1: Introduction 23
2.1 Introduction
The low-mass X-ray binary (LMXB) EXO 0748−676 was discovered as a tran-
sient source with the European X-ray Observatory Satellite (EXOSAT) in 1985
(Parmar et al. 1986). The source exhibits simultaneous X-ray and optical
eclipses from which an orbital period of 3.82 hr was deduced (Crampton et al.
1986). EXO 0748−676 also shows irregular X-ray dipping activity (Parmar
et al. 1986), and type-I X-ray bursts (Gottwald et al. 1986). Burst oscillations
in EXO 0748−676 were ﬁrst reported by Villarreal & Strohmayer (2004) at
45 Hz in the average Fourier Power Spectrum of 38 type-I X-ray bursts; the
45-Hz signal was then interpreted as the spin frequency of the neutron star.
Recently, Galloway et al. (2009) detected millisecond oscillations in the ris-
ing phase of two type-I X-ray bursts in EXO 0748-676 at a frequency of 552
Hz. They concluded that the spin frequency of EXO 0748-676 is close to 522
Hz, rather than 45 Hz as suggested by Villarreal & Strohmayer (2004). The
45 Hz oscillation may arise in the boundary layer between the disk and the
neutron star (Balman 2009) or it could be a statistical ﬂuctuation (Galloway
et al. 2009). Cottam et al. (2002) reported a measurement of the gravitational
redshift from iron and oxygen X-ray absorption lines arising from the atmo-
sphere of the neutron star in EXO 0748−676 during type-I X-ray bursts, but
subsequent observations failed to conﬁrm these features (Cottam et al. 2008).
Based on the gravitational redshift, ¨ Ozel (2006) suggested that the mass, ra-
dius and distance of EXO 0748−676 are 2.10 ± 0.28 M⊙, 13.8 ± 1.8 km and
9.2 ± 1.0 kpc, respectively, which would rule out many neutron-star equa-
tions of state.
Measuring the distance to LMXBs is difﬁcult, except in the case of sources
in globular clusters. A way to get the distance is using type-I X-ray bursts.
The peak ﬂux for some very bright bursts can reach the Eddington luminosity
at the surface of the neutron star. From a strong X-ray burst, Wolff et al. (2005)
derived a distance to EXO 0748−676 of 7.7 kpc for a helium burst, and 5.9
kpc for a hydrogen burst. Galloway et al. (2008a) analyzed several type-I X-
ray bursts from EXO 0748−676 and estimated a distance of 7.4 kpc, different
from the value of 9.2 kpc reported by ¨ Ozel (2006). Taking into account the
touchdown ﬂux and the high binary inclination of EXO 0748−676 , recently
Galloway et al. (2008b) gave a distance of 7.1 ± 1.2 kpc.
Another way to get the distance to an LMXB is through observations of
quiescent X-ray emission from the neutron-star surface. During the quiescent
state, X-ray emission originates from the atmosphere of the neutron star. By
ﬁtting the X-ray spectrum with hydrogen atmosphere models, one can esti-
mate the mass, radius and distance of the neutron star. Recently, the neutron-
star X-ray transient EXO 0748−676 underwent a transition into quiescence
(Degenaar et al. 2009; Bassa et al. 2009). Using Chandra data, Degenaar et al.24 XMM-Newton observation of EXO 0748−676
(2009)foundadistanceof3.4+1.4
−0.7 kpctoEXO0748−676forcanonicalneutron-
star mass and radius values of MNS = 1.4M⊙ and RNS = 10 km, respectively.
The ﬁtted distance is lower than that obtained from type-I X-ray bursts (Gal-
loway et al. 2008a,b).
In this paper, we report on the distance to EXO 0748−676 that deduced
from XMM-Newton data. We use two different neutron-star atmosphere
models to ﬁt the X-ray spectrum, and compare the results of the spectral ﬁt-
ting with different neutron-star equation of state (EOS). In the next section,
we describe the observation and data analysis. We show the ﬁtting results in
§2.3, and we discuss our ﬁndings in §2.4.
2.2 Observations & Data reduction
EXO 0748−676 was observed with the European Photon Imaging Camera
(EPIC) using the PN and Metal-Oxide-Silicon (MOS) detectors on board the
XMM-Newton on 2008 November 6 at 08:30:03 UTC (obsID 0560180701). The
PN and the two MOS cameras were operated in Full-Window mode. We re-
duced the XMM-Newton Observation Data Files (ODF) using version 8.0.0 of
the science analysis software (SAS). We used the EPPROC and EMPROC tasks
to extract the event ﬁles for the PN and the two MOS cameras, respectively.
Source light curves and spectra were extracted in the 0.2 − 12.0 keV band us-
ing a circular extraction region with a radius of 30 arcsec centered on the posi-
tion of the source. Background light curves and spectra were extracted from
a circular source-free region of 35 arcsec on the same CCD. We applied stan-
dard ﬁltering and examined the light curves for background ﬂares. No ﬂares
were present and we used the whole exposure for our analysis. The exposure
time for the PN camera was 24.2 ks, and for each MOS camera was 29.03 ks.
The source count rate was 0.496 ± 0.005 cts/s for PN, and 0.135 ± 0.002 cts/s
and 0.127±0.002 cts/s for MOS1 and MOS2, respectively. We checked the ﬁl-
teredeventﬁlesforphotonpile-upbyrunningthetask EPATPLOT. Nopile-up
was apparent in the PN, MOS1 and MOS2 data. Photon redistribution matri-
ces and ancillary ﬁles were created using the SAS tools RMFGEN and ARFGEN,
respectively. We rebinned the source spectra using the tool PHARBN1, such
that the number of bins per resolution element of the PN and MOS spectra
was 3 and the minimum number of counts per channel was 20.
We ﬁtted the PN and MOS spectra simultaneously in the 0.5−10.0 keV
range with XSPEC 12.50 (Arnaud 1996), using either of two neutron-star
hydrogen-atmosphere models: NSAGRAV (Zavlin et al. 1996) and NSAT-
MOS(Heinkeetal.2006). TheNSAGRAVmodelprovidesthespectraemitted
from a non-magnetic hydrogen atmosphere of a neutron star with surface
1M. Guainazzi, private communication2.2: Observations & Data reduction 25
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Fig. 2.1: XMM-Newton PN (black), MOS1 (red) and MOS2 (green) spectrum of EXO
0748−676 in the 0.5− 10.0 keV energy band. The spectrum was ﬁtted with a neutron-
star hydrogen atmosphere model (NSATMOS) and a power-law model with Γ ﬁxed
to 1. The lower panel shows the residuals to the best-ﬁt model in unit of σ.
gravitational acceleration, g, ranging from 1013 to 1015 cm s−2. This model
uses the mass (MNS) and radius (RNS) of the neutron star and the unred-
shifted effective temperature of the surface of the star (kTeﬀ) as parameters.
The normalization of the model is deﬁned as 1/D2, where D is the distance
to the source in pc. The second model that we used, NSATMOS, includes a
range of surface gravities and effective temperatures, and incorporates ther-
mal electron conduction and self-irradiation by photons from the compact
object. This model assumes negligible magnetic ﬁelds (less than 109 G) and
a pure hydrogen atmosphere. NSATMOS parameters are MNS, RNS, logTeﬀ
(thesameasforNSAGRAV),distanceinkpc, andaseparatenormalizationK,
which corresponds to the fraction of the neutron-star surface that is emitting.
We ﬁxed K to be 1 in all our ﬁts with NSATMOS.
We included the effect of interstellar absorption using PHABS assuming
cross-sections of Balucinska-Church & McCammon (1992) and solar abun-
dances from Anders & Grevesse (1989), and we let NH, the column density
along the line of sight, free to vary during the ﬁtting. In order to account for
differences in effective area between the different cameras, we introduced a
multiplicative factor in our model. First, this factor was ﬁxed to unity for PN
and left free for MOS1 and MOS2. Subsequently, we set the scaling factor to2
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Table 2.1: Best-ﬁt p arameters of neutron-star atmosphere models ﬁt to the XMM-Newton data of EXO 0748−676 .
model NH T∞
eﬀ MNS RNS Γ Fpow FX χ2/d.o.f.
(1020cm−2) (eV) (M⊙) (km) 10−13 ergs cm−2 s−1 10−12 ergs cm−2 s−1
NSAGRAV 5.6 ± 1.8 113
+14
−8 1.55 ± 0.18 15.2 ± 1.8 0.5 1.15 ± 0.21 1.18 ± 0.15 0.986/219
NSATMOS 5.4 ± 1.5 113 ± 4 1.29 ± 0.20 16.1
+0.9
−1.2 0.5 1.17 ± 0.20 1.23 ± 0.16 0.985/219
NSAGRAV 6.2
+1.3
−1.8 114
+24
−3 1.62 ± 0.11 15.8
+0.25
−3.5 1.0 1.10 ± 0.15 1.14 ± 0.13 0.977/219
NSATMOS 6.1 ± 1.5 114 ± 4 1.55 ± 0.12 16.0
+0.7
−1.3 1.0 1.11 ± 0.15 1.13 ± 0.06 0.977/219
NSAGRAV 6.7 ± 1.5 110 ± 8 1.71 ± 0.30 16.5 ± 0.5 1.5 1.00 ± 0.19 1.01 ± 0.15 0.987/219
NSATMOS 6.7 ± 1.4 110 ± 5 1.77 ± 0.45 16.6
+1.8
−7.5 1.5 1.03 ± 0.22 1.03 ± 0.10 0.985/219
Note. – NH is the equivalent hydrogen column density, T∞
eﬀ the effective temperature of the neutron-star surface as seen at
inﬁnity, MNS and RNS are the mass and radius of the neutron star, respectively. Fpow is the unabsorbed ﬂux of the power-law
component in the 0.5−10 keV energy band, and FX is the total unabsorbed X-ray ﬂux in the same energy band. The last column
gives the reduced χ2 for 219 degrees of freedom. The quoted errors represent the 90% conﬁdence levels. The power-law index
(Γ) was kept ﬁxed at the value given in the table during the ﬁts.2.3: Results 27
unity for MOS1 and MOS2, respectively, and left the factor free for the other
cameras. We found that ﬁxing the scaling factor for different cameras gives
similar best-ﬁt results. Therefore in the rest of the paper we ﬁxed the factor
to 1 for PN and left it free to vary for the other cameras. None of the atmo-
sphere models alone ﬁtted the spectrum above ∼ 2−3 keV properly. Adding
a power-law component improved the ﬁts signiﬁcantly, however, all parame-
ters were less constrained than when we ﬁtted the data with the neutron-star
atmosphere model only. We ﬁrst ﬁxed the power-law index to 0.5, 1.0 and
1.5 to get better constraints on the parameters of the neutron-star atmosphere
model (see Degenaar et al. 2009). We initially ﬁxed the distance to the NS
at 7.1 kpc, which is the value inferred from the touchdown ﬂux of Galloway
et al. (2008b) .
2.3 Results
2.3.1 Results from the spectral ﬁts
Figure 2.1 shows the XMM-Newton spectra of EXO 0748-676 ﬁtted with the
model “phabs (NSATMOS + powerlaw) ”. The power-law index was ﬁxed at
1.0 in this case. The best ﬁt of this model gives NH = 6.1 ± 1.5 ×1020 cm−2,
neutron-star mass MNS = 1.55 ± 0.12M⊙, neutron-star radius RNS = 16.0+0.7
−1.3
km, and effective temperature logTeﬀ = 6.20 ± 0.02 (in K). According to
the same formula T∞
eﬀ = Teﬀ
p
1 − (2GMNS)/(RNSc2) used by Degenaar et al.
(2009), we converted Teﬀ to the effective temperature as seen by an observer
at inﬁnity, T∞
eﬀ = 114 ± 4 eV. In the formula, G is the gravitational constant
and c is the speed of light. The model predicts a 0.5−10 keV unabsorbed
X-ray ﬂux FX = 1.13 ± 0.06 × 10−12 ergs cm−2 s−1. The ﬂux of the power-
law component in the same energy band is Fpow = 1.11 ± 0.15 × 10−13 ergs
cm−2 s−1, which corresponds to ∼ 10% of the total unabsorbed ﬂux. The
reduced χ2 is 0.977 for 219 degrees of freedom. The best-ﬁt results of the
models NSAGRAV and NSATMOS for the three different power-law index
are given in Table-2.1. Errors are given at the 90% conﬁdence level for one ﬁt
parameter.
We note from Table 2.1 that both atmosphere models, regardless of the
value of Γ, yield a good ﬁt with similar χ2, and the best-ﬁt parameters are
consistent with being the same for the three values of Γ. In the rest of the
analysis, we used a power-law index ﬁxed to 1. The NSATMOS model is
more accurate in constraining Teﬀ than the NSAGRAV model.
2.3.2 Equation of state
Fitting the quiescence XMM-Newton spectrum of EXO 0748−676 with two
different atmosphere models and comparing the results allows us to test the28 XMM-Newton observation of EXO 0748−676
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Fig. 2.2: Contour plots showing the results of modeling the neutron-star in EXO
0748−676 with the XSPEC model NSATMOS and a power-law. The power-law index
is ﬁxed to 1. The plots show two conﬁdence levels in the mass-radius diagram ob-
tained from our ﬁt; the contour lines (red) are for the conﬁdence levels of 90% and
99%, respectively. The pink line “A” shows the lower limit of the neutron-star mass
given by Bassa et al.(2009), and the green line “B” shows the upper limit given by
Mu˜ noz-Darias et al. (2009).
reliability and accuracy of both models. From the ﬁts we ﬁnd a mass and ra-
dius of the neutron star at a speciﬁed distance, and by comparing the inferred
mass and radius with the different neutron-star EOS we can give upper limits
to the source distance for the different EOS.2.3: Results 29
We used the STEPPAR command in XSPEC to vary the mass, radius and
distance parameters simultaneously, allowing other parameters to be free to
ﬁnd the best ﬁt at each step. For the mass we go from 0.5 to 2.5 M⊙ with
steps of 0.1 M⊙, and for the distance we go from 5 to 10 kpc with steps of
0.25 kpc. The minimum and maximum radius allowed by these models are
5.0 km and 25.0 km, respectively. In Fig 2.2 we show the contour plots ob-
tained from the STEPPAR procedure for the NSATMOS model. Each plot is
for a different distance, ranging from 5 to 10 kpc. The contour lines (red) are
for the conﬁdence levels of 90% (solid) and 99% (dashed). Further, in Fig 2.2
we show different neutron-star EOS (black) taken from Lattimer & Prakash
(2007). We did the same analysis for the NSAGRAV model. Both NSATMOS
and NSAGRAV models give consistent results, in accordance with the ﬁnd-
ings of Webb & Barret (2007).
Using optical data from the Very Large Telescope (VLT), Mu˜ noz-Darias
et al. (2009) provided the ﬁrst dynamical constraint on the mass of the
neutron-star in LMXB EXO 0748–676. The mass range of the neutron star that
they derived is 1M⊙ ≤ MNS ≤ 2.4M⊙. Subsequently, Bassa et al. (2009) an-
alyzed optical spectra of EXO 0748−676 when the source was in quiescence,
and they found a lower limit to the neutron-star mass of MNS ≥ 1.27 M⊙. We
show the upper limit (pink/dotted) reported by Mu˜ noz-Darias et al. (2009)
and the lower limit (green/dashed) reported by Bassa et al. (2009).
The internal composition of the cores of neutron stars is currently poorly
understood. In orderto test the EOS and identifythe upper limit to the source
distance, we here assume three typical EOS models with different core com-
position: normal nucleonic matter (AP3), boson condensates matter (MS1),
and strange quark matter (SQM1). By varying the source distance from 5 to
10 kpc, the contour lines for the ﬁtted model move on the NS mass-radius
diagram. We can estimate the probability of the distance for each EOS when
the contour lines pass through the EOS curves. Note that as the distance
increases (see Figure 2.2), the allowed area of the model moves from the bot-
tom left to the top right in the plot. The results using NSAGRAV are similar
to those shown in Figure 2.2. For a given distance we found that not all the
EOSs are consistent with the two neutron-star atmosphere models that we
used. The upper limits on the distance to EXO 0748−676 for different EOS
are shown in Table 2.2.
If the neutron star in EXO 0748−676 follows the EOS model ‘AP3’, the
probabilitythatthesourcehasadistanceof10.0kpcis1×10−4 and1×10−6 for
NSAGRAV and NSATMOS, respectively. If we want to get a probability for
thedistancelargerthan1×10−2 (99%conﬁdence), thedistanceforNSAGRAV
and NSATMOS should be smaller than 8.9 kpc and 8.5 kpc, respectively. The
distance at 90% conﬁdence for NSAGRAV and NSATMOS is less than 8.3 kpc
and 8.2 kpc, respectively. Both models are consistent with the distance of 7.130 XMM-Newton observation of EXO 0748−676
kpc given by type-I X-ray bursts (Galloway et al. 2008b).
For the EOS model ‘MS1’, the probability that EXO 0748−676 is at a dis-
tance of 10 kpc is 10−5 and 10−6 for NSAGRAV and NSATMOS, respectively.
For both models, respectively, the distance at 99% conﬁdence levelis less than
7.3 kpc and 7.1 kpc, and the distance at 90% conﬁdence level is less than 6.9
kpc and 6.8 kpc, which are smaller than the distance of 7.1 kpc deduced from
the bursts.
For the EOS model ‘SQM1’, the distance at 99% conﬁdence level is less
than 5.2 kpc, and the distance at 90% conﬁdence level is less than 5.0 kpc for
both atmosphere models. The ‘SQM1’ model is rejected at a 99% conﬁdence
level for this neutron star, unless the source is closer than 5.2 kpc.
2.4 Discussion
We analyzed an XMM-Newton observation of the neutron star EXO
0748−676 in the quiescent state. The unabsorbed X-ray ﬂux in the 0.5−10.0
keV energy band was (1.13 ± 0.06) × 10−12 ergs cm−2 s−1. We found that
the non-thermal (power-law) component only contributes ∼ 10 ± 2% of the
0.5−10 keV X-ray ﬂux, which is lower than what Degenaar et al. (2009) found
from the Chandra data (Fpow was ∼ 16−17% of the 0.5−10 keV X-ray ﬂux
from the ﬁt with Γ = 1) about a month earlier than our observation. The
0.5−10 keV unabsorbed ﬂux and the effective temperature in our XMM-
Newton observations are consistent with the value obtained from the Chan-
dra observation, and also with the value of the Swift observation closest in
time to our XMM-Newton observation (Degenaar et al. 2009). However, our
best ﬁtting NH value is a factor ∼ 2 lower than the one from the Chandra ob-
servation. If we ﬁx NH in our ﬁts to the value of Degenaar et al. (2009), the
0.5−10 keV ﬂux does not change signiﬁcantly.
In their Table 1, Degenaar et al. (2009) presented the ﬁtting results of
Chandra data using the NSATMOS model for different distance, similar to
what we do here. From their results when Γ ﬁxed at 1, we ﬁnd that their
best ﬁtting neutron-star mass and radius are always consistent with our 90%
conﬁdence contour lines.
Since the X-ray spectrum in the quiescent state is dominated by thermal
emission originating from the NS surface, our ﬁts to the data using NS atmo-
sphere models allow us to constrain the mass and radius of the neutron star
EXO 0748–676. Using two different NS atmosphere models, NSAGRAV and
NSATMOS, we found consistent results, and we could set good constraints
on the neutron-star radius. Even taking into account the lower limit (Bassa
et al. 2009) and upper limit (Mu˜ noz-Darias et al. 2009) to the neutron-star
mass and our best ﬁtting ∆χ2 contour, a large area on the mass-radius di-
agram is allowed by the data, and many EOSs are still possible (see Figure2
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Table 2.2: Upper limits on the distance to EXO 0748−676 for different EOS models.
EOS AP3 AP3 MS1 MS1 SQM1 SQM1
conﬁdence 90% 99% 90% 99% 90% 99%
NSAGRAV D < 8.3 kpc D < 8.9 kpc D < 6.9 kpc D < 7.3 kpc D < 5.0 kpc D < 5.2 kpc
NSATMOS D < 8.2 kpc D < 8.5 kpc D < 6.8 kpc D < 7.1 kpc D < 5.0 kpc D < 5.2 kpc
Note. –The 90% and 99% conﬁdence levels upper limit to the distance to EXO 0748−676 for the two
NS atmosphere models NSAGRAV and NSATMOS for the EOS models: ‘AP3’, ‘MS1’ and ’SQM1’. The
distance is in kpc.32 XMM-Newton observation of EXO 0748−676
2.2). In order to constrain the allowed space of mass and radius at a speciﬁed
distance, we choose three typical neutron-star EOS, ‘AP3’, ‘MS1’ and ‘SQM1’.
We found that the smaller the distance to the NS the more EOSs are consistent
with the data.
For a speciﬁc EOS, we took the upper limit to the distance as the value
of the distance where the 99% conﬁdence contour just intersects the curve of
that EOS. We found that the upper limits to the distance derived from the
NSAGRAV model are slightly higher than those for the NSATMOS model.
The EOS model ‘MS1’ can be just satisﬁed at a distance of 7.1 kpc. If we
assume that the neutron star in EXO 0748−676 is a normal neutron star, for
the EOS ‘AP3’ the source should be closer than 8.9 kpc for the NSAGRAV
model, or 8.5 kpc for the NSATMOS model. Both the ‘MS1’ and ‘AP3’ EOS
arefullyconsistentwiththedistanceof7.1kpcdeducedfromtheX-raybursts
(Galloway et al. 2008b; Wolff et al. 2005). For larger distances more EOSs are
ruled out. The EOS ‘SQM1’ is rejected by the NS atmosphere model ﬁts for
a distance of 7.1 kpc. We note, however, that the neutron-star atmosphere
models may not be appropriate for ‘bare’ quark matter stars.
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Abstract
We have discovered a triple-peaked X-ray burst from the low-mass X-
ray binary (LMXB) 4U 1636–53 with the Rossi X-ray Timing Explorer
(RXTE). This is the ﬁrst triple-peaked burst reported from any LMXB
using RXTE, and it is only the second burst of this kind observed from
any source. (The previous one was also from 4U 1636–53, and was ob-
served with EXOSAT.) From ﬁts to time-resolved spectra, we ﬁnd that
this is not a radius-expansion burst, and that the same triple-peaked
pattern seen in the X-ray light curve is also present in the bolometric
light curve of the burst. Similar to what was previously observed in
double-peaked bursts from this source, the radius of the emitting area
increases steadily during the burst, with short periods in between in
which the radius remains more or less constant. The temperature ﬁrst
increases steeply, and then decreases across the burst also showing three
peaks, although the ﬁrst and last peak in the temperature proﬁle occur,
respectively, signiﬁcantly before and signiﬁcantly after the ﬁrst and last
peaks in the X-ray and bolometric light curves. We found no signiﬁcant
oscillations during this burst. This triple-peaked burst, as well as the
one observed with EXOSAT and the double-peak bursts in this source,
all took place when 4U 1636–53 occupied a relatively narrow region of
the colour-colour diagram, corresponding to a relatively high (inferred)
mass-accretion rate. No model presently available is able to explain the
multiple-peaked bursts.3.1: Introduction 35
3.1 Introduction
Thermonuclear, type-I, X-ray bursts (also known as X-ray bursts, or simply
bursts), are due to unstable burning of H and He on the surface of accreting
neutron stars in low-mass X-ray binaries (LMXBs). During these bursts, the
X-ray ﬂux increases by factors of ∼10-100 within a second or less, after which
it returns back to its pre-burst level over a time-span of tens of seconds, fol-
lowing an approximately exponential decay (e.g., Lewin et al. 1993; Galloway
et al. 2008a).
One of the best studied sources of X-ray bursts is the LMXB 4U 1636–53.
Also known as V801 Ara, 4U 1636–53 was discovered with OSO-8 (Swank
et al. 1976), and was subsequently studied in great detail using observations
with SAS-3, Hakucho, Tenma, and EXOSAT (see Lewin et al. 1987, for a re-
view). The orbital period of this binary system is 3.8 hr (van Paradijs et al.
1990), and the spin period of the neutron star is 581 Hz (Strohmayer et al.
1998a,b). Using EXOSAT, Damen et al. (1989) detected 60 bursts from this
source between 1983 and 1986; from observations with the Rossi X-ray Tim-
ing Explorer (RXTE), 172 bursts were detected up to 2007 June 3 (Galloway
et al. 2008a), and more than 250 bursts including data taken after that date
(Zhang et al., in preparation). Most of these X-ray bursts have standard,
single-peaked, fast rising and exponentially decaying light curves. Three
superbursts have also been detected in this source (Wijnands 2001; Kuulk-
ers et al. 2004). Linares et al. (2009) detected a 5.4 minutes recurrence time
between two X-ray bursts in 4U 1636–53, which is the shortest observed re-
currence time in any neutron star low-mass X- ray binary.
However, there have also been several detections of bursts from 4U
1636−53 that have double-peaked light curves, both with EXOSAT (Sztajno
et al. 1985) and RXTE (Bhattacharyya & Strohmayer 2006b; Galloway et al.
2008a). Only one triple-peaked X-ray burst has ever been detected from
this source by van Paradijs et al. (1986) using EXOSAT observations. Sev-
eral models have been proposed to explain the double-peaked bursts. For
instance, Bhattacharyya & Strohmayer (2006b) suggested that these bursts
are due to stalling of the nuclear-burning front near the equator of the neu-
tron star following ignition near the neutron-star pole, whereas suggested
that these bursts are caused by a waiting point in the thermonuclear reaction
chain.
In this paper, we report the ﬁrst detection of a triple-peaked X-ray burst in
4U 1636−53 with RXTE, and only the second ever detected from this source.
The paper is organized as follows: We describe the observations and data
analysis in §3.2, we show the results in §3.3, and ﬁnally we discuss our ﬁnd-
ings in §3.4.36 Triple-peaked X-ray burst in 4U 1636–53
3.2 Observation and data analysis
We analysed all data available from the RXTE Proportional Counter Array
(PCA) of 4U 1636–53 as of March 15 2009. The PCA consists of an array of
ﬁve collimated proportional counter units (PCUs) operating in the 2−60 keV
range, with a total effective area of approximately 6500 cm2 and a ﬁeld of
view of ∼ 1◦ FWHM (Jahoda et al. 1996). For each observation we calculated
X-ray colours from the Standard2 data (16-s time-resolution and 129 energy
channels in the 2−60 keV band), and produced 1-s light curves from the Stan-
dard1 data (0.125-s time resolution with no energy resolution). To calculate
the colours of the source, we ﬁrst examined the 1-s Standard1 light curves
to identify and remove any X-ray burst from the data, and we subsequently
computed light curves in four energy bands every 16 s from the Standard2
data, separately for each PCU detector that was active during an observa-
tion. We subtracted the background contribution from each light curve, and
we corrected the count rates for dead time. We deﬁned the soft colour as the
count rate in the 3.5−6.0 keV band divided by the count rate in the 2.0−3.5
keV band, and the hard colour as the count rate in the 9.7−16.0 keV band
divided by the count rate in the 6.0−9.7 keV band. We used data of the Crab
pulsar nebula and taken close to each observation of 4U 1636–53 to correct
for instrumental effects (e.g. Altamirano et al. 2008). All colours of 4U 1636–
53 presented in this paper are therefore normalised to the colours of Crab.
Whenever we found an X-ray burst, we used 80 s of persistent emission just
before the burst to represent the colours of the source at the time the burst
started.
In this paper we concentrate on an unusual X-ray burst that took place
at 18:23:25 UTC on December 11 2006 (MJD 54080.76626; ObsID 92023-01-
44-10). To calculate the bolometric ﬂux of the persistent emission before the
burst, Fpbol, we extracted energy spectra of ∼ 800 s before the onset of the
burst from the two main instruments on board RXTE, the PCA and the High
Energy X-ray Timing Experiment (HEXTE). HEXTE consists of two clusters
of four NaI/CsI phoswich scintillation detectors that are sensitive to X-rays
in the 15 − 250 keV range (Gruber et al. 1996). Cluster A of HEXTE stopped
working properly in October 2006, an therefore only cluster B was available
for our analysis. For the PCA spectrum we analysed the Standard2 data
of PCU 2, while for the HEXTE spectrum we analysed the Standard data
of cluster-B. We extracted PCA and HEXTE backgrounds, and produced re-
sponse matrices for both instruments following the instructions in the RXTE
pages. We added a 0.6% systematic error to the PCU-2 spectrum, but no sys-
tematic error was applied to the HEXTE spectrum.
To study this burst in detail, we analysed the PCA Event data,
E 125us 64M 0 1s, in which each individual photon is time tagged at a ∼ 1223.3: Results 37
µs time resolution in 64 energy channels between 2 − 60 keV. We used all
PCUs that were operating at the time of the X-ray burst (PCUs 0,1,2 and 4) to
produce 0.25-s resolution light curves in the full PCA band and in two other
bands, 2.0−3.5 keV and 6.0−9.7 keV. For the time-resolved spectral analysis
of this burst we extracted spectra in 64 channels every 0.25 s from the Event
data of all available PCUs. Since the light curve of the decay of the burst is
quite smooth, we extracted spectra over somewhat longer intervals in the tail
of the burst to compensate for the lower count rates. We used a time resolu-
tion of 0.5 s, 1 s and 2 s, respectively, for each of the following time intervals:
20.5−25.5 s, 25.5−28.5 s, and 28.5−32.5 s after the start of the burst. We gen-
erated an instrument response matrix, and we ﬁtted the spectra using XSPEC
version 12.4.0. Because of the short exposure, in this case the statistical errors
dominate, and therefore we did not add any systematic error to the spectra.
We restricted the spectral ﬁts to the energy range 3.0 − 20.0 keV. During the
∼ 800 s previous to the onset of the burst, the light curve and colours of 4U
1636–53 were consistent with being constant, therefore we extracted a spec-
trum of those data to use as background in our ﬁts; this approach is well es-
tablished as a standard procedure in X-ray burst analysis (e.g. Kuulkers et al.
2002). We note that this procedure fails if the blackbody emission during the
burst comes from the same source that produces the blackbody emission seen
in the persistent emission, since the difference between two blackbody spec-
tra is not a blackbody (van Paradijs et al. 1986). This effect is signiﬁcant only
when the net burst emission is small, and therefore the problems may arise
only at the start and tail of the burst, when the burst emission is comparable
to the persistent emission (see the discussion in Kuulkers et al. 2002). We cor-
rected each spectrum for dead time using the methods supplied by the RXTE
team.
We computed Fourier power density spectra for the duration of the burst
using the event data over the full PCA band pass. We calculated the power
spectra from 1-s data segments, setting the start time of each segment to 0.125
s after the start time of the previous segment. Note that because of this, the
individual power spectra are not independent.
3.3 Results
In the top panel of Figure 3.1 we show the light curve of the burst at a res-
olution of 0.25 s. The light curve displays three peaks, similar to what was
observed during the triple-peaked burst reported by van Paradijs et al. (1986)
from EXOSAT data of this source, and we therefore call this a triple-peaked
burst. Out of the three peaks in the burst, the ﬁrst peak is the brightest in
the full PCA band (∼ 2000 counts s−1 PCU−1) and the second is the weak-
est (∼ 1700 counts s−1 PCU−1). The separation in time between the ﬁrst and38 Triple-peaked X-ray burst in 4U 1636–53
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Fig. 3.1: Top panel: Light curve in the 2−60 keV range of the triple-peaked burst ob-
served in 4U 1636−53. Time is given in seconds from 2006 December 11 at 18:23:25
UTC. Bottom panel: The time evolution of the hardness ratio during the triple-
peaked burst in 4U 1636−53. The solid vertical lines indicate the times of local
maxima in the light curve, extending into the hardness-curve panel. The dashed
vertical lines indicate the times of local minima in the light curve, extending into the
hardness-curve panel. The left-most dotted-dashed vertical line indicates the time
of the ﬁrst maximum in the hardness curve extended into the light-curve panel. We
also plotted the 1σ error bars.
third peak in the triple-peaked burst reported here is ∼ 8 s, whereas in the
triple-peaked burst in van Paradijs et al. (1986) it twice as long, ∼ 17 s. In the
bottom panel of Figure 3.1 we show the hardness curve during the burst. The
hardness is deﬁned as the count-rate ratio in the 6.0 − 9.7 keV and 2.0 − 3.5
keV energy bands.
Besides the main three peaks, both curves show structure on shorter time
scales, which makes it difﬁcult to accurately identify the times of the max-
ima of each peak. It is nevertheless apparent from this Figure that the ﬁrst
peak in the light curve occurs signiﬁcantly later than the ﬁrst peak in the
hardness curve. Since the hardness is a measure of the temperature of the
emitting surface (see below), this means that the emitting surface reaches the
maximum temperature before the burst is the brightest. The ﬁrst peak in the
light curve occurs about 2.5 s after the ﬁrst peak in the hardness curve. A
similar delay between light curve and hardness curve has been observed in
photospheric radius-expansion bursts (Strohmayer et al. 1998b), and is in-3.3: Results 39
Fig. 3.2: Time evolution of spectral parameters during the triple-peaked burst in 4U
1636–53. From top to bottom the panels show the effective temperature, the ‘cor-
rected’ (see text for details) radius of the emitting area, the bolometric ﬂux, the 2−60
keV light curve, and the reduced χ2 of the ﬁts (for 18 dof). The time resolution of
this plot is 0.25 s for times between 0 s and 20.5 s, 0.5 s for times between 20.5 s and
25.5 s, 1 s for times between 25.5 s and 28.5 s, and 2 s from 28.5 s until the end. The
solid vertical lines indicate the times of local maxima in the X-ray light curve (second
panel from the bottom), extending into the other panels. The dashed vertical lines
indicate the times of local minima in the X-ray light curve extending into the other
panels. The left-most and right-most dotted-dashed vertical line indicate the times
of the ﬁrst and last maximum in the temperature curve (upper panel) extended into
the other panels. We also plotted in each panel the 1σ error bars.
dicative of the start of the radius-expansion phase but, as we discuss below,
this triple-peaked burst is not a radius expansion burst. After this initial mis-
match between light and hardness curves, the other two maxima and the two
minima of the light curve appear to coincide with the corresponding maxima
and minima in the hardness curve.40 Triple-peaked X-ray burst in 4U 1636–53
3.3.1 Pre-burst spectrum
We ﬁtted the PCA (in the 3.0−25.0 keV range) and HEXTE-B (in the 15−200
keV range) pre-burst spectra simultaneously with a model consisting of a
combination of a blackbody, a power law, and a Gaussian emission line ﬁxed
at 6.4 keV, all affected by interstellar absorption. We included a multiplica-
tive factor in the model to account for possible systematic differences in the
relative calibration of the effective areas of the two instruments. We found a
good ﬁt to the spectra, χ2 = 92 for 89 degrees of freedom (dof), using a model
consisting of a blackbody with temperature kT = 1.92 ± 0.05 keV and bolo-
metric ﬂux Fbb = 6.3 ± 0.7 × 10−10 erg cm−2 s−1, a power law with photon
index Γ = 2.96 ± 0.05 and normalization Npl = 1.77 ± 0.14 photons cm−2
s−1 keV−1 at 1 keV, and a Gaussian line with σ = 1.08 ± 0.18 keV and nor-
malization NG = 4.2 ± 1.7 × 10−3 photon cm−2 s−1. We also included the
effect of interstellar absorption using the cross-sections of Balucinska-Church
& McCammon (1992) and solar abundances from Anders & Grevesse (1989),
with a hydrogen equivalent column density ﬁxed at NH = 0.36 × 1022 cm−2
(Pandel et al. 2008). These parameters are comparable to those reported by
Cackett et al. (2009) for this source in the soft state. Following Galloway et al.
(2008a), we used the unabsorbed 2.5−25 keV ﬂux, F2.5−25 = 1.68±0.02×10−9
erg cm−2 s−1, and a bolometric correction cbol = 1.38, to estimate the bolo-
metric ﬂux before the burst, Fpbol = 2.32 ± 0.03 × 10−9 erg cm−2 s−1. We
note that the error of cbol can be as large as 40 % (Galloway et al. 2008a). Us-
ing the Eddington luminosity for a 1.4-M⊙ neutron star with a 10-km radius,
γ = Fpbol/FEdd = 3.7±0.2×10−2 − 6.2±0.2×10−2 for a range of hydrogen
mass fraction X = 0 − 0.7.
3.3.2 Time-resolved spectra during the burst
We ﬁtted the time-resolved net burst spectra with a single-temperature black-
body model (bbodyrad in XSPEC), as generally burst spectra are well ﬁt by
a blackbody. During the ﬁtting, we kept the hydrogen column density NH
ﬁxed at 0.36×1022cm−2 (Pandel et al. 2008), and to calculate the radius of the
emitting area in km, we assumed a distance of 5.9 kpc (Fiocchi et al. 2006).
The model provides the blackbody colour temperature (Tc) and a normal-
ization proportional to the square of the blackbody radius (Rbb) of the burst
emission surface, and allows us to estimate the bolometric ﬂux as a function
of time.
It is well known (London et al. 1986; Titarchuk 1994; Madej et al. 2004)
that the colour temperature Tc obtained from ﬁtting the continuum spectra
of an X-ray burst is higher than the effective temperature Teﬀ that enters in
thecalculationofthebolometricﬂux. Inordertogettheeffectivetemperature
Teﬀ, we assumed a neutron star with a mass of 1.4M⊙ and a radius of 10 km.3.3: Results 41
Interpolating the ratio of Tc/Teﬀ from the table of Madej et al. (2004), and us-
ing the bolometric ﬂux from the ﬁt, we calculated the “corrected” blackbody
radius (see also van Paradijs et al. 1986). We found correction factors between
1.3 and 1.5.
In Figure 3.2 we show the time evolution of the best-ﬁtting spectral pa-
rameters: Effective temperature, Teﬀ,“corrected” blackbody radius, Rbb, and
bolometric ﬂux, Fbol. For reference we also plot the 2 − 60 keV light curve
in this Figure. X-ray light curves with multiple peaks are often a signature of
radiusexpansion bursts, since during the radius expansion phase the temper-
ature of the emitting surface decreases, and part of the radiation falls outside
the X-ray band (e.g., Lewin et al. 1993). In those bursts, however, the bolo-
metric light curve shows a single peak. In this burst, the bolometric light
curve also shows three peaks, at the same positions as the peaks in the X-ray
light curve. This shows that the multiple peaks in the X-ray light curve are
not due to photospheric radius expansion during the burst, which is consis-
tent with the fact that the ﬂux at the peak of this burst is about a factor 2 − 3
smaller than in real radius expansion bursts in this source (Maurer & Watts
2008). The total burst ﬂuence was Eb = 2.9±0.1×10−7 erg cm−2. From this,
and the peak of the bolometric ﬂux, the characteristic time scale of the burst
was τ = Eb/Fpeak = 13.8 ± 0.7 s. Most of the ﬁts are good, although there
are a few cases with relatively large reduced χ2 values. (Only in six occasions
the reduced χ2 is larger than 2.) We note that we did not add a systematic
error to the data (see §3.2). We conﬁrmed that the distribution of χ2 values is
consistent with a χ2 distribution with 18 dof, which is the number of degrees
of freedom in the individual ﬁts.
The top panel of Figure 3.2 shows that, after an initial rise, on average the
effective temperature decreases with time. The temperature proﬁle shows
three maxima, and as in the case of the hardness curve, the ﬁrst peak of
the effective temperature takes place before the ﬁrst peak of the X-ray and
bolometric light curves. The second peak of the effective temperature proﬁle
more or less coincides with the second peak in the X-ray and bolometric light
curves, while the two minima in the temperature proﬁle also coincide with
the times of minima in the bolometric and the X-ray light curves. The last
peak in the temperature curve occurs signiﬁcantly after the last peak in the
light curve.
The second panel of Figure 3.2 shows the evolution of the radius of the
emitting surface, corrected for the fact that the spectrum during the burst is
non-Planckian (see above). On average, the radius increases steadily dur-
ing the burst, similar to what was observed in double-peaked bursts (e.g.
Bhattacharyya & Strohmayer 2006a,b). After initially rising, the radius stops
increasing at the time of the ﬁrst peak in the light curve, although there is no
apparent change in the trend of the temperature at that point in time. For 2−342 Triple-peaked X-ray burst in 4U 1636–53
s the radius remains more or less constant, and after the second maximum in
the light curve, it increases again. More or less at the time of the second mini-
mum in the light curve the radius stops increasing, or slightly decreases, and
after the third maximum the radius continues increasing until the end of the
burst. (We note that the slight increase in the radius at the time of minimum
temperature could be due to limitations in the colour correction factor.)
3.3.3 Timing analysis of the burst
We searched this burst for oscillations around the known spin frequency of
the neutron star in 4U 1636–53 (581 Hz; Strohmayer et al. 1998a). For this,
we analysed the data within 15 s of the onset of the burst, and we searched
only the frequency range 579 − 583 Hz. We chose a detection limit given by
a single trial probability of 3 × 10−6 or less of having a given power due to
random ﬂuctuations in the data. This is equivalent to a ∼ 4σ detection limit
considering the number of trials involved. We did not ﬁnd any signiﬁcant
oscillations in this frequency range during the burst. The 95% conﬁdence
upper limits to any oscillation in the frequency range 579 Hz to 583 Hz were
7.5%, 12.3%and7.5%rmsforeachofthethreepeaksoftheburst, respectively,
and 12.2% and 11.3% rms for the rise and the decay of the burst, respectively.
Previously, burst oscillations with amplitudes between ∼ 2% and ∼ 9% were
detected from 4U 1636–53 (Zhang et al. 1997).
Most burst oscillations in 4U 1636–53 were so far detected in bright, pho-
tospheric radius expansion bursts (Maurer & Watts 2008), with bolometric
peak ﬂuxes larger than ∼ 5.0×10−8 erg s−1 cm−2. One of the few exceptions
to this trend is the possible detection of oscillations during the ﬁrst peak of a
non-radius expansion double-peaked burst in Bhattacharyya & Strohmayer
(2006b): The bolometric ﬂux at the peak in which oscillations were reported
was ∼ 1.6 × 10−8 erg s−1 cm−2. The bolometric ﬂux at the peak of the triple-
peaked burst reported here was ∼ 2.1 × 10−8 erg s−1 cm−2, similar to that
of the double-peaked burst of Bhattacharyya & Strohmayer (2006b), and a
factor ∼ 2 − 3 weaker than other photospheric radius expansion bursts with
oscillations in this source. The upper limit to the rms amplitude we found
during the ﬁrst maximum of the triple-peaked burst of 4U 1636–53 reported
here, 7.5%, is lower than the rms amplitude of the oscillations during the ﬁrst
maximum of the double-peaked burst, 8.2%, reported by Bhattacharyya &
Strohmayer (2006b) from this same source.
3.3.4 Colour-colour diagram
In Figure 3.3 we show the colour-colour diagram of all the RXTE observations
of 4U 1636–53 to date (grey points), excluding times of X-ray bursts; the black
crosses in the plot are the colours of the source at the start of an X-ray burst.3.3: Results 43
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Fig. 3.3: Colour-colour diagram of all observations of 4U 1636−53 up to March 2009.
The grey points represent the colours of the source from all RXTE observations avail-
able, excluding the times of X-ray bursts (see text). Each point in this diagram rep-
resents 256 s of data. We plot the representative 1σ error bar in the upper left part
of this Figure. The black crosses represent the colours of the persistent emission of
the source at the onset of an X-ray burst. The open squares indicate double-peaked
bursts (Galloway08a et al. 2008; Zhang et al. in prep.). The open circle indicates
the triple-peaked burst. The open triangle shows the approximate location in this
diagram of the triple-peaked burst observed with EXOSAT (van der Klis et al. 1990).
There are more than 250 X-ray bursts shown in this Figure, from RXTE data
taken before March 2009. The colour-colour diagram of 4U 1636–53 is typical
of that of a low-luminosity LMXB, a so-called Atoll source (Hasinger & van
der Klis 1989). The ∼ 250 X-ray bursts observed with RXTE distribute more
or less uniformly across the colour-colour diagram (Belloni et al. 2007; Muno
2004). The triple-peaked burst, which we indicated using a open circle, is lo-
cated close to the vertex of this colour-colour diagram, in an area where there
are several other bursts. For comparison, we plot the approximate position
of the triple-peaked burst detected with EXOSAT in Figure 3.3 (van der Klis
et al. 1990).44 Triple-peaked X-ray burst in 4U 1636–53
3.3.5 Bursts properties
In order to compare the properties of single-peaked bursts and muti-peaked
bursts that occurred in the same area of colour-colour diagram, we selected
all the bursts which have hard color less than 0.7 (see Figure 3.3), and calcu-
lated their ﬂuences, peak ﬂuxes and peak temperatures. We found that: (i)
Single-peaked bursts have ﬂuences in the range 2 × 10−8 to 70 × 10−8 ergs
cm−2, whereas all the multi-peaked bursts have ﬂuences that span a nar-
rower range, from 23×10−8 to 38×10−8 ergs cm−2; (ii) single-peaked bursts
show peak color temperatures from 1.3 to 2.7 keV, while the multi-peaked
bursts have temperatures in the range 1.7 to 2.1 keV, with the exception of the
double-peaked burst from Bhattacharyya & Strohmayer (2006b), which has
a peak temperature of 2.37 ± 0.04 keV. (iii) single-peaked bursts show peak
ﬂuxes between 3×10−9 and 82×10−9 ergs cm−2 s−1, while the multi-peaked
bursts have peak ﬂuxes from 21 × 10−9 and 28 × 10−9 ergs cm−2 s−1, except
for the same double-peaked burst from Bhattacharyya & Strohmayer (2006b)
which has a peak ﬂux of 53 ± 4 × 10−9 ergs cm−2 s−1 (Zhang et al. in prep.).
3.4 Discussion
We have detected a triple-peaked X-ray burst in the LMXB 4U 1636–53. This
is only the second triple-peaked burst ever detected from any LMXB, and
the ﬁrst one observed with RXTE. (The only other triple-peaked burst re-
ported is also from 4U 1636–53, and was observed more than 20 years ago
with EXOSAT; van Paradijs et al. 1986). The bolometric light curve of the
triple-peaked burst shows a proﬁle similar to that of the X-ray light curve,
which indicates that this was not a radius expansion burst (see §3.3.2). This
is consistent with the fact that the bolometric ﬂux at the peak of this burst
was a factor of 2 − 3 smaller than the bolometric ﬂux observed from radius-
expansion bursts from this source (e.g. Maurer & Watts 2008).
The temperature curve during this burst shows the same pattern of three
maxima seen in the X-ray light curve, however the ﬁrst and last peaks in the
temperature curve occur signiﬁcantly before and signiﬁcantly after the ﬁrst
and last peaks in the X-ray light curve, respectively. The radius of the emit-
ting surface increases more or less steadily during the burst, with small in-
tervals during which the radius remains approximately constant or perhaps
decreases slightly.
We found no oscillations in this burst, with upper limits that are consis-
tent with oscillations detected in previous bursts in 4U 1636–53, but smaller
than the amplitude of the oscillations seen during the non-radius expansion,
double-peaked burst in Bhattacharyya & Strohmayer (2006b).
The triple-peaked X-ray burst took place when the source was at an in-
termediate position in the colour-colour diagram. There are several other3.4: Discussion 45
X-ray bursts around this location in the colour-colour diagram, none of them
showing a triple-peaked proﬁle. If the position of the source along the C-like
shape of the colour-colour diagram (Fig. 3.3) is a measure of mass accre-
tion rate (with mass accretion rate increasing as the source moves along the
branches from the upper-right to the lower-left and then to the lower-right
corner of this diagram; Hasinger & van der Klis 1989), this indicates that the
triple-peaked nature of this burst is not associated to a rate of mass accretion
ontotheneutronstarthatisdifferentfromthatinother, single-peaked, bursts.
The previously detected triple-peaked burst in 4U 1636–53 took place when
the source was located in the middle of the branch that extends to the right
of the position of the triple burst in this diagram (van der Klis et al. 1990),
when mass accretion rate was presumably higher. Also in the case of the
EXOSAT observations, there are other normal bursts around the position of
triple-peaked burst of van Paradijs et al. (1986) in the colour-colour diagram.
The triple-peaked burst started ∼ 800 s from the beginning of the RXTE
observation; from the absence of another X-ray burst in those ∼ 800 s, the
wait time from the previous X-ray burst was tw800 s. The previous X-ray
burst recorded by RXTE before the triple-peaked burst took place at 02:42:12
UTC on November 19 2006, therefore the wait time before the triple-peaked
burst was tw2 × 106 s. Given the typical burst rate in 4U 1636–53 (Galloway
et al. 2008a), most likely several X-ray bursts were missed in between these
two observations, and therefore we can only give a lower limit of 6.7 ± 0.1 to
the value of α = (Fpboltw)/Eb of the triple-peaked burst.
Boirin et al. (2007) reported X-ray bursts that occur in triplets; we note
that theirs is probably a completely different phenomenon than the triple-
peaked burst that we report here. The bursts detected by Boirin et al. (2007)
are single-peaked, with waiting times of ∼ 12 min between the three compo-
nents of the triplet. The burst we report here shows a triple-peaked structure
within a single burst, with the time between peaks being less than ∼ 10 sec-
onds.
Most type-I X-ray bursts display a single peak in the bolometric light
curve, with a proﬁle that shows a fast rise and an exponential decay (Gal-
loway et al. 2008a). About a dozen double-peaked and two triple-peaked
X-ray bursts have been detected from the LMXB 4U 1636−53 (Sztajno et al.
1985; Lewin et al. 1987; van Paradijs et al. 1986; Galloway et al. 2008a; Bhat-
tacharyya & Strohmayer 2006a,b; Maurer & Watts 2008, this paper). Double-
peaked bursts were observed from other sources besides 4U 1636–53, e.g., 4U
1608-52 (Penninx et al. 1989), GX 17+2 (Kuulkers et al. 2002), and 4U 1709-267
(Jonker et al. 2004); but so far there is no report of a triple-peaked burst from
another source besides 4U 1636–52.
In the past 20 years, several models have been proposed to explain the
double-peaked non-radius expansion bursts. Regev & Livio (1904) proposed46 Triple-peaked X-ray burst in 4U 1636–53
a model in which the neutron-star surface is divided in two zones, such that
the burst starts in one zone and moves into the other. In this model, a tem-
perature gradient develops between the zone where the burst ignites and the
zone onto which the burst ﬂame expands. A heat transport impedance be-
tween the two zones causes a dip in the temperature and the light curve, and
produces a double-peaked burst. Fisker et al. (2004) repeated these calcu-
lations using up two 200 zones, and found that the effect disappears as the
number of zones increases beyond ∼ 25. Fujimoto et al. (1988) explained the
double-peaked bursts as a two-step energy generation due to shear instabil-
ities in the fuel on the stellar surface. Bhattacharyya & Strohmayer (2006a)
argued that this model cannot reproduce the double-peaked proﬁles that are
observed, and that it is difﬁcult to maintain sufﬁcient unburnt material in a
layer above the burning ﬂame, as required for the instability to take place,
without having the hot fuel mixing with the cold one. Melia & Zylstra (1992)
suggested that these bursts are due to scattering of the X-ray emission by ma-
terial evaporated from the accretion disc during the burst. This implies that
double-peaked bursts can only take place over a certain range of inclination
angles of the binary system. This model, however, does not explain the evo-
lution of the temperature or the radius of the emitting area during the bursts,
neither does it explain the fact that only a small fraction of the bursts are
multi-peaked. Fisker et al. (2004) proposed that the double-peaked bursts are
due to an interaction between the shell where the helium ﬂash takes place,
and a waiting point in the rp-processes of the shells above. This model can
explain the multi-peaked bursts naturally in terms of a waiting point in the
thermonuclear reaction during the burst, but it is difﬁcult to reproduce the
large dip observed between two peaks in some double-peaked bursts (Bhat-
tacharyya & Strohmayer 2006a).
Bhattacharyya & Strohmayer (2006a,b) proposed that the double-peaked
shape of the proﬁle of some type-I X-ray bursts may be due to the latitude
at which the ignition of the burst takes place: For bursts that ignite at a
high latitude, the spreading of the ﬂame on the surface of the neutron star
is opposed by the ﬂow of material accreted from the disc as this material
moves towards the pole. As it approaches the equator, the burning front
stalls momentarily, causing a minimum in the light curve. Eventually the
burning front overcomes the opposing effect of the accreting material, and
extends across the whole surface of the neutron star, leading to a double-
peaked burst. This model can reproduce both the light curve as well as the
spectral evolutionof double-peakedbursts. It also providesan explanation of
the millisecond oscillations detected by Bhattacharyya & Strohmayer (2006b)
during the ﬁrst peak of a double burst in 4U 1636–53. However, polar ig-
nition (a crucial factor of this model) should occur at the highest accretion
rates (Cooper & Narayan 2007), which makes it difﬁcult for this model to ex-3.4: Discussion 47
plain that the inferred mass accretion rate at the time of the double-peaked
burst with oscillations (Bhattacharyya & Strohmayer 2006b) is lower than in
single-peaked bursts without oscillations (Watts & Maurer 2007). Notice,
however, that Maurer & Watts (2008) suggested that polar ignition can oc-
cur in a small range of lower accretion rates as well. Furthermore, Maurer &
Watts(2008)simulatedburstlight-curvesfordifferentignitionlatitudesusing
a phenomenological model for the time-dependent surface-temperature pro-
ﬁle on the neutron-star surface, and adopting the calculations of Spitkovsky
et al. (2002) for the speed of the burning front. Maurer & Watts (2008) also
simulated light curves of bursts igniting quasi-simultaneously in two differ-
ent places on the neutron-star surface, with delays between ignitions of 0.5 s
to 4 s. None of their simulations produced a multi-peaked proﬁle.
Our detection of a triple-peaked burst in 4U 1636–53 casts doubt on the
idea that the place of ignition of the burst is the cause of the multi-peaked
light curves (Bhattacharyya & Strohmayer 2006a). If this scenario applies to
the triple-peaked burst, the burning front must stall twice before it engulfs
the whole surface of the neutron star. In their model of the double-peaked
bursts, Bhattacharyya & Strohmayer (2006a) argued that the burning front
stalls as it approaches the neutron-star equator, and it regains speed after it
crossestheequator. Clearly, amorecomplicatedpatternofstallingisrequired
in the case of a triple-peaked burst.
Both double- and triple-peaked bursts in 4U 1636–53 have very similar
properties: (i) The ﬂuence of the triple-peaked burst reported here is 2.9 ×
10−7 erg cm−2, while the double-peaked bursts have ﬂuences in the range
2−4×10−7 erg cm−2 (see Figure 4 in Watts & Maurer 2007). (ii) Except for the
double-peaked burst in Bhattacharyya & Strohmayer (2006b), which is more
or less a factor two brighter than the rest, all double- and triple-peaked bursts
have similar peak-ﬂux values. (iii) Neither the double- or triple-peaked burst
are radius expansion bursts. (iv) Both triple-peaked bursts (the one reported
hereandthepreviousonereportedinvanParadijsetal.1986), andalldouble-
peaked bursts (Galloway et al. 2008a; Maurer & Watts 2008; Watts & Maurer
2007, Zhang et al., in prep.) occur when the source is more or less in the same
regioninthecolour-colourdiagram, accretingatrelativelyhighinferredmass
accretion rate. All these similarities suggest that the underlying mechanism
for double- and triple-peaked bursts should be the same. Currently available
models are inadequate to explain the multiple-peaked bursts. It is clear that
any model trying to explain the burst proﬁles must also be able to explain
the fact that only about a dozen out of ∼ 250 bursts in the RXTE data of 4U
1636–53 show multiple peaks, with only one out of 250 in the RXTE data, and
in fact only two out of 4.5 × 103 bursts observed since the beginning of X-
ray astronomy (van Paradijs et al. 1986; in’t Zand et al. 2004; Galloway et al.
2008a), showing a triple-peaked proﬁle.48 Triple-peaked X-ray burst in 4U 1636–53
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Abstract
We analyzed 298 bursts of the LMXB 4U 1636–53 using data from the
Rossi X-ray Timing Explorer. We divided the bursts in three groups,
photospheric radius expansion (PRE), hard non-PRE and soft non-PRE
bursts, based on the properties of the bursts and the state of the source at
the time of the burst. For the three types of bursts, we found that the av-
erage relation between the bolometric ﬂux and the temperature during
the cooling phase of the bursts is signiﬁcantly different from the canon-
ical F ∝ T4 relation that is expected if the apparent emitting area on the
surface of the neutron star remains constant as the ﬂux decreases dur-
ing the decay of the bursts. We also found that a single power law can-
not ﬁt the average ﬂux-temperature relation for any of the three types
of bursts, and that the ﬂux-temperature relation for the three types of
bursts is signiﬁcantly different. Finally, for the three types of bursts, the
temperature distribution at different ﬂux levels during the decay of the
bursts is signiﬁcantly different. From the above we conclude that hard
non-PRE bursts ignite in a hydrogen-rich atmosphere, whereas for soft
non-PRE and PRE bursts the fuel is helium-rich. We further conclude
that the metal abundance in the neutron star atmosphere decreases as
the bursts decay, probably because the heavy elements sink faster in the
atmosphere than H and He.4.1: Introduction 51
4.1 Introduction
Thermonuclear, type-I, X-ray bursts are due to unstable burning of H and He
on the surface of accreting neutron stars in low-mass X-ray binaries (LMXBs).
During these bursts, the observed X-ray intensity ﬁrst sharply increases, typ-
ically by a factor of ∼ 10 in about 0.5−5 seconds, and after that it decreases
more or less exponentially within 10−100 seconds (e.g., Lewin et al. 1993;
Strohmayer & Bildsten 2003; Galloway et al. 2008a). The total energy emit-
ted by an X-ray burst is typically ∼ 1039 ergs. Some X-ray bursts are strong
enough to lift up the outer layers of the star. During these so-called photo-
spheric radius expansion (PRE) bursts (Basinska et al. 1984b), the radiation
ﬂux that emerges from the Stella87r surface is limited by the Eddington ﬂux.
Theneutron-starsurfaceoriginissupportedbythefactthattheinferredemis-
sion area during a burst matches the expected surface area of a neutron star,
assumingthatthethermonuclearﬂashexpandstocovertheentirestarduring
the radius expansion and cooling phases of the burst. The emission area can
be estimated from the ﬁtting of the energy spectra during the cooling tails of
bursts. There are a number of theoretical and observational arguments that
support this assumption (see, e.g. Fryxell & Woosley 1982; Bildsten 1995;
Spitkovsky et al. 2002; Strohmayer & Bildsten 2003).
One of the best studied sources of X-ray bursts is the LMXB 4U 1636–53.
Also known as V801 Ara, 4U 1636–53 was discovered with OSO-8 (Swank
et al. 1976), and was subsequently studied in great detail using observa-
tions with SAS-3, Hakucho, Tenma, and EXOSAT (see Lewin et al. 1987, for
a review). The orbital period of this binary system is 3.8 hr (van Paradijs
et al. 1990), and the spin period of the neutron star is 581 Hz (Strohmayer
et al. 1998a,b). Using EXOSAT, Damen et al. (1989) detected 60 bursts from
this source between 1983 and 1986; from observations with the Rossi X-ray
Timing Explorer (RXTE), 172 bursts were detected up to 2007 June 3 (Gal-
loway et al. 2008a), and more than 250 bursts including data taken after that
date (Zhang et al. 2009). Most of these X-ray bursts have standard, single-
peaked, fast rising and exponentially decaying light curves. Some single-
peaked bursts show photospheric radius expansion, while a few other bursts
from 4U 1636–53 show multi-peaked light curves, although these are not PRE
bursts(Maurer&Watts2008;Bhattacharyya&Strohmayer2006a;Zhangetal.
2009).
In this paper, we compare the bursts properties in PRE non-PRE and
double-peaked bursts during their cooling phase.52 The cooling phase of Type-I X-ray bursts in 4U 1636–53
4.2 Observations and data reduction
We analyzed all data available from the RXTE Proportional Counter Array
(PCA) of 4U 1636–53 as of May 2010. The PCA consists of an array of ﬁve col-
limated proportional counter units (PCUs) operating in the 2−60 keV range.
Weproduced1-slightcurvesfromtheStandard1data(0.125-stimeresolution
with no energy resolution) and searched for X-ray bursts in the light curves.
We used the 16-s time-resolution Standard-2 data to calculate X-ray colours
of the source, as described in Zhang et al. (2009). Hard and soft colours are
deﬁned as the 9.7 − 16.0/6.0 − 9.7 keV and 3.5 − 6.0/2.0 − 3.5 keV count rate
ratios, respectively, and intensity as the 2.0−16.0 keV count rate. The colour-
colour diagram (CD) of all observations of 4U 1636–53 is shown in Figure 4.1.
The position of the source on the diagram is parameterized by the length of
the solid curve Sa (see, e.g. M´ endez et al. 1999). The Sa length is normalized
to the distance between Sa = 1 at the top right vertex, and Sa = 2 at the bot-
tom left vertex of the CD. Similar to the Sz length in Z sources (Vrtilek et al.
1990), Sa is considered to be a function of mass accretion rate (Hasinger &
van der Klis 1989).
In order to study the bursts in detail, we analyzed the PCA Event data,
E 125us 64M 0 1s, in which each individual photon is time tagged at a ∼
122 µs time resolution in 64 energy channels between 2 − 60 keV. We used
all PCUs that were operating at the time of the X-ray burst to produce 0.5-s
resolution light curves in the full PCA band. For the time-resolved spectral
analysis of the bursts we extracted spectra in 64 channels every 0.5 s from the
Event data of all available PCUs. We corrected each spectrum for dead time
using the methods supplied by the RXTE team. We generated the instrument
response matrix ﬁles for each observation, and we ﬁtted the spectra using
XSPECversion12.4.0. Becauseoftheshortexposure, inthiscasethestatistical
errors dominate, and therefore we did not add any systematic error to the
spectra. We restricted the spectral ﬁts to the energy range 3.0 − 20.0 keV. For
each burst we extracted the spectrum from the persistent data just before (or
after) the burst to use as background in our ﬁts; this approach, used to obtain
the net emission of a burst, is well established as a standard procedure in
X-ray burst analysis (e.g. Kuulkers et al. 2002). We ﬁtted the time-resolved
net burst spectra with a single-temperature blackbody model (bbodyrad in
XSPEC), as generally burst spectra are well ﬁtted by a blackbody. During the
ﬁtting, we kept the hydrogen column density NH ﬁxed at 0.36 × 1022cm−2
(Pandel et al. 2008), and to calculate the radius of the emitting area in km, we
assumed a distance of 5.95 kpc (Galloway et al. 2008a). The model provides
the blackbody colour temperature (Tbb) and a normalization proportional to
the square of the blackbody radius (Rbb) of the burst emission surface, and
allows us to estimate the bolometric ﬂux as a function of time.4.3: Spectral analysis and results 53
We note that this procedure fails if the blackbody emission during the
burst comes from the same source that produces the blackbody emission seen
in the persistent emission, since the difference between two blackbody spec-
tra is not a blackbody (van Paradijs et al. 1986). This effect is signiﬁcant only
when the net burst emission is small, and therefore problems may arise only
at the start and tail of the burst, when the net burst emission is comparable
to the underlying persistent emission (see the discussion in Kuulkers et al.
2002).
To test whether ﬁtting the net spectrum of the bursts affects our results,
we proceeded as follows: For a subsample of the bursts we ﬁtted the per-
sistent spectrum just before each burst with a blackbody and a power law.
During the burst, we ﬁxed the power-law index and normalization to the
value of the persistent emission, and let the blackbody parameters to vary.
Using this procedure we found results that are consistent with the ones we
found using the standard method therefore, in the rest of the paper, we used
the results we obtained using the standard method
We deﬁned the cooling phase for different types of bursts observed in 4U
1636-53 as follows: The cooling phase of non-PRE single-peaked and PRE
bursts starts from the moment that the ﬁtted blackbody temperature starts to
decrease until the end of the burst, deﬁned as the time when the burst ﬂux
is within 3 σ of the pre-burst persistent emission. For double-peaked bursts
we used two different deﬁnitions of the cooling phase, one that starts from
the moment the blackbody temperature starts to decrease after the ﬁrst peak
of the burst until the end of the burst, and the other one from the moment
the blackbody temperature starts to decrease after the second peak of the
burst until the end of the burst. We did not consider the triple-peaked burst
reported in Zhang et al. (2009)
4.3 Spectral analysis and results
4.3.1 Temperature distribution during the cooling phase of X-ray bursts
In order to understand the cooling tails of PRE, single-peaked no-PRE, and
double-peaked bursts, we ﬁtted the time-resolved spectra with an absorbed
blackbody and compared the ﬁtting parameters. From the CD in Figure 4.1
and hardness-intensity diagram (HID) in Figure 4.2, we found that all the
PRE bursts and double-peaked bursts have a hard colour smaller than 0.851
(see also Muno 2004; Zhang et al. 2009). We therefore divided the bursts
in four groups based on the hard colour of the persistent emission and their
time-resolved spectrum (see Figures 4.1 and 4.2): (i) Hard non-PRE bursts;
1We note that the choice of 0.85 is based on the fact that no PRE bursts are observed when
the hard colour of the persistent emission is lower than this value.54 The cooling phase of Type-I X-ray bursts in 4U 1636–53
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Fig. 4.1: Colour-colour diagram of all RXTE observations of 4U 1636-53 up to May
2010. The grey points represent the colours of the source from all available RXTE
observations. Each point in this diagram represents 256 s of data. The colours of
4U 1636−53 are normalized to the colours of Crab. The black crosses represent the
colours of the persistent emission of the source at the onset of a single-peaked non-
PRE X-ray burst. The ﬁlled blue circles indicate the same for PRE burst, and the
red squares for double-peaked bursts. The position of the source on the diagram is
parameterized by the length of the black solid curve Sa. The horizontal line divides
hard and soft state of the source (see text for details). The diagonal solid bar divides
the PRE bursts into two groups (Sa > 2.1 and Sa < 2.1; see text for details.)
these are single-peaked non-PRE bursts that took place when the hard colour
of the persistent emission of the source was larger than 0.85. (ii) Soft non-
PRE bursts; these are single-peaked non-PRE bursts that took place when the
persistent hard colour of the source was smaller than 0.85. (iii), PRE bursts;
(iv) Double-peaked bursts.
In Figure 4.3, we investigate the relation between the bolometric ﬂux and
the colour temperature during the cooling phase of the bursts using 0.5 s bins
(see section 2). In this so-called ﬂux-temperature (FT) diagram we also show
lines of constant inferred radius, calculated from F/(σT4). The top panels (a)
and (b) of Figure 4.3 show the cooling phase of single-peaked hard and soft
non-PRE bursts, respectively, the middle panel (c) shows the cooling phase
of PRE bursts; and the bottom panels (d) and (e) show the cooling phase of
double-peaked bursts after the ﬁrst and second peak, respectively. Most of
the points in panel (a) are below the red (8 km) line, and in general show4.3: Spectral analysis and results 55
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Fig. 4.2: Hardness-intensity diagram of all RXTE observations of 4U 1636-53. The
symbols are the same as in Figure 4.1. The colours and intensity of 4U 1636-53 are
normalized to the colours and intensity of Crab. The PRE bursts are divided into two
groups (intensity > 0.12 Crab and intensity < 0.12 Crab) by the vertical solid bar.
signiﬁcant higher temperature than the other bursts. At the beginning of
the cooling phase (upper left part of the panels), both PRE and soft non-PRE
bursts appear to have similar colour temperature. However, at the end of the
cooling phase (lower-right part of the panels) the soft non-PRE bursts appear
to have a larger spread of temperatures than the PRE bursts. Comparing the
two bottom panels in Figure 4.3, we notice that there are some points at high
ﬂux level but below the 8-km radius red line in panel (c) that are not present
in panel (d). These points are the ones between the two peaks in double-
peaked bursts. After the second peak, in double-peaked bursts most of the
points appear above the red line.
In order to study the distribution of temperatures in the cooling phase
of the bursts quantitatively, we divided the data of Figure 4.3 in four dif-
ferent groups based on ﬂux levels. Panels (a) to (d) in Figure 4.4 show the
distribution of the colour temperature during the cooling phase of hard non-
PRE bursts (black), soft non-PRE bursts (red), PRE bursts (green) and double-
peaked bursts after the second peak (blue), at different ﬂux levels. In Table
4.1 we give the average and standard deviation of the distribution of tem-
peratures for each ﬂux level. We ﬁnd that, as the bolometric ﬂux decreases in
the cooling tail, the average temperature of the hard non-PRE bursts becomes56 The cooling phase of Type-I X-ray bursts in 4U 1636–53
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(a) hard non-PRE single-peaked bursts
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(b) soft non-PRE single-peaked bursts
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(d) double-peaked bursts after ﬁrst peak
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Fig. 4.3: Bolometric ﬂux as a function of blackbody colour temperature for different
types of bursts in 4U 1636-53 during the cooling phase of the burst. Each point on
the plot represent 0.5 seconds. The diagonal lines represent lines of constant inferred
radius. Typical 90% conﬁdence level error bars are indicated in the lower panels..
signiﬁcantly higher than that of the soft non-PRE bursts. We also ﬁnd that,
as the ﬂux decreases, the average temperature of soft no-PRE bursts becomes
signiﬁcantly higher than that of PRE bursts and double-peaked bursts. At
higher ﬂux levels, the PRE bursts dominate the sample.4.3: Spectral analysis and results 57
Table 4.1: The average and standard deviation of the temperature distribution for
different types of bursts at different ﬂux levels.
Flux range (10−8 erg cm−2 s−1) 0-1.0 1.0-2.0 2.0-4.0 4.0-7.0
hard non-PRE < kTbb > (keV) 1.42 1.79 2.05 2.37
σ (keV) 0.27 0.15 0.18 0.64
soft non-PRE < kTbb > (keV) 1.21 1.61 2.01 2.42
σ (keV) 0.23 0.21 0.20 0.38
PRE < kTbb > (keV) 1.09 1.58 1.98 2.36
σ (keV) 0.23 0.20 0.19 0.19
double-peaked < kTbb > (keV) 0.98 1.46 1.83 2.45
(after the second peak) σ (keV) 0.23 0.23 0.38 1.20
We carried out a Kolmogorov–Smirnov (KS) test to assess whether any
two distributions are consistent with being the same. The results of the KS
tests are shown in Table 4.2. We ﬁnd that, for the ﬂux below 4.0×10−8 erg
cm−2 s−1,Paradijs90 it is unlikely that any two sample distributions in Figure
4.4 come from the same parent population, the only exception being the case
of comparison between soft non-PRE and PRE bursts, for which the differ-
ence is signiﬁcant in ﬂuxes below 2.0×10−8 erg cm−2 s−1. We note that there
are only eleven double-peaked bursts in our sample and therefore the KS-test
results are less reliable when we compare other samples to this type of bursts.
Since it is apparent that the average temperature of different types of bursts is
different (Table 4.1), we repeated the KS test after we ﬁrst aligned all distribu-
tions such that they all have the same average temperature. The new KS-test
results are shown in Table 4.3. As expected, after aligning the distributions,
the probabilities of the KS test increased. But at low ﬂux level, the probability
that two samples come from the same parent population remains small. This
indicates that in these cases, not only the average, but also the shape of the
distributions is different.
Table 4.2: KS test probabilities for the distributions in Figure 4.4
Flux range (10−8 erg cm−2 s−1) 0−1.0 1.0−2.0 2.0−4.0 4.0−7.0
soft non-PRE vs hard non-PRE 0 0 3.0 × 10−8 7.3 × 10−1
soft non-PRE vs PRE 0 2.1 × 10−6 1.5 × 10−1 0.4 × 10−1
hard non-PRE vs PRE 0 0 6.2 × 10−9 9.8 × 10−1
soft non-PRE vs double-peaked 0 4.7 × 10−12 2.9 × 10−2 6.1 × 10−1
PRE vs double-peaked 1.1 × 10−7 3.2 × 10−5 3.9 × 10−2 3.5 × 10−158 The cooling phase of Type-I X-ray bursts in 4U 1636–53
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Fig. 4.4: The distributions of colour temperatures during the cooling phase for hard
non-PRE bursts (blue), soft non-PRE bursts (red), PRE bursts (black) and double-
peaked burstsafterthesecond peak(green), respectively. Eachpanelisforadifferent
ﬂux range, as indicated.
4.3.2 Flux-Temperature relation during the cooling phase of X-ray bursts
The evolution of the bolometric ﬂux and the blackbody temperature during
the cooling tails of all X-ray bursts in our sample appear to follow a power-
law relation. We ﬁtted a power law, Fb = αT
γ
bb, to the data for PRE, soft
Table 4.3: KS test probabilities after we have aligned all the distributions to the same
average temperature.
Flux range(10−8 erg cm−2 s−1) 0−1.0 1.0−2.0 2.0−4.0 4.0−7.0
soft non-PRE vs hard non-PRE 2.27 × 10−7 3.0 × 10−5 1.1 × 10−2 9.3 × 10−1
soft non-PRE vs PRE 4.6 × 10−5 1.1 × 10−2 1.8 × 10−1 8.4 × 10−1
hard non-PRE vs PRE 5.8 × 10−11 1.6 × 10−2 1.9 × 10−3 9.5 × 10−1
soft non-PRE vs double-peaked 7.8 × 10−1 5.9 × 10−1 1.3 × 10−2 7.9 × 10−1
PRE vs double-peaked 1.8 × 10−2 7.8 × 10−1 4.5 × 10−2 8.3 × 10−14.3: Spectral analysis and results 59
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Fig. 4.5: The ﬂux-temperature diagram of PRE (top panels), soft non-PRE (middle
panels) and hard non-PRE bursts (bottom panels). From left to right the panels show,
respectively, all data, data where the ﬂux was larger than 1×10−8 erg cm−2 s−1, and
data where the ﬂux was larger than 2 × 10−8 erg cm−2 s−1. The best-ﬁtting power
law for each selection is shown with the red lines.
non-PRE and hard non-PRE bursts, separately, where Fb is the bolometric
ﬂux, Tbb is the blackbody colour temperature, α is the normalization and γ is
the power-law index.
For all type of burst, we ﬁrst selected data with
Fb
δFb > 2, where δFb is the
error of the bolometric ﬂux, and we rebined the data by a factor 10 (we also
tried
Fb
δFb > 1 and
Fb
δFb > 3, but the power-law ﬁtting results are consistent
with the ones we found using
Fb
δFb > 2 ). We then divided the data into three
groups: data with Fb > 1 × 10−8 erg cm−2 s−1, Fb > 2 × 10−8 erg cm−2
s−1, and all data, and ﬁtted each group separately. The best ﬁtting results are
shown in Table 4.4, and the ﬁts are shown in Figure 4.5.
A power law ﬁts well the data with ﬂux larger than 1×10−8 erg cm−2 s−1
for all type of bursts, but a power law does not ﬁt all the data (without ﬂux
selection) for any of the three types of bursts (see Table 4.4). We also found6
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Table 4.4: Power-law ﬁt for different types of bursts in the ﬂux-temperature diagram. In the table, α and γ are the normalization
and the index of the best-ﬁtting power law.
Flux range all > 1.0 > 2.0
10
−8erg cm
−2s
−1
α γ χ
2/d.o.f α γ χ
2/d.o.f α γ χ
2/d.o.f
PRE 0.28±0.01 3.35±0.03 420/182 0.31±0.01 3.22±0.06 120/103 0.30±0.03 3.24±0.11 42/55
soft non-PRE 0.28±0.01 3.23±0.04 627/256 0.35±0.02 2.91±0.06 117/147 0.34±0.03 2.96±0.13 26/44
hard non-PRE 0.097±0.004 4.48±0.06 719/321 0.18±0.01 3.58±0.12 139/133 0.26±0.06 3.09±0.31 49/444.3: Spectral analysis and results 61
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Fig. 4.6: The temperature distribution during the cooling phase of PRE bursts with
Flux < 1 × 10−8 erg cm−2 s−1. Panel (a) shows PRE bursts with persistent intensity
> 0.12 Crab (black) and < 0.12 Crab (red); panel (b) shows the PRE bursts with the
Sa value > 2.1 (black) and > 2.1 (red).
that: (i) During the cooling phase, the X-ray bursts of 4U 1636–53 do not fol-
low the expected Fb ∝ T4
bb relation; (ii) within the same type of bursts, the
power-law index changes signiﬁcantly as the ﬂux increases; (iii) within the
same ﬂux selection, the power-law index of hard non-PRE bursts is signiﬁ-
cantly higher than that of PRE and soft non-PRE bursts (except at the highest
ﬂux level where the ﬁtting errors are large due to the limited data). Given
that Lb = αT
γ
bb, this means that for a ﬁxed ﬂux level, hard non-PRE bursts
have higher Tbb than PRE and soft non-PRE bursts as the neutron star cools
down or, for a ﬁxed Tbb during the cooling phase, the apparent emitting area
of PRE and soft non-PRE bursts is larger than that of hard non-PRE bursts.
4.3.3 Photospheric radius expansion bursts
The PRE bursts concentrate on a narrow range of hard colours in the CD
and HID, but they span a large range of soft colours in the CD, and a large
range of intensity in the HID. We therefore divided the PRE bursts in two
groups according to the position of the source in the CD and HID at the time
the bursts started, one group with Sa < 2.1 (low-Sa PRE bursts) and the
other with Sa > 2.1 (high-Sa PRE bursts; see the solid bar in Figure 4.1). We
also divided the PRE bursts in two groups according to the intensity of the
persistent emission of the source at the time the burst started (see Figure 4.2):
the faint PRE burst, with an intensity lower than 0.12 Crabs, and the bright
PRE burst, with an intensity higher than 0.12 Crabs. In panel (a) of Figure
4.6 we show the distribution of colour temperature during the cooling phase
of bright PRE (black) and faint PRE bursts (red), and for low-Sa PRE (red)
and high-Sa PRE bursts (black) in panel (b) of Figure 4.6; in both panel we62 The cooling phase of Type-I X-ray bursts in 4U 1636–53
Table 4.5: KS test probabilities for low Sa (< 2.1) and high Sa (> 2.1) PRE bursts,
and bright (I > 0.12 Crab) and faint (I < 0.12 Crab) PRE bursts.
Flux range (10−8 erg cm−2 s−1) 0−1.0 1.0−2.0 2.0−4.0 4.0−7.0
low Sa vs high Sa 7.6 × 10−14 5.0 × 10−2 1.3 × 10−2 3.6 × 10−1
bright vs faint 9.1 × 10−15 3.6 × 10−1 4.8 × 10−1 1.3 × 10−2
selected only data with ﬂux less than 1 × 10−8 erg cm−2 s−1. The KS test
for these two groups for all ﬂux levels, is shown in Table 4.5. The KS test
still gives small probabilities at the lowest ﬂux level; at other ﬂux levels the
samples are consistent with coming from the same parent populations.
4.4 Discussion
During their cooling phase, the X-ray bursts in 4U 1636–53 do not follow
the bolometric ﬂux-temperature relation Fb ∝ T4
bb, which would be expected
if the apparent emitting area on the neutron star remained constant during
this phase. The relation between bolometric ﬂux and temperature is sig-
niﬁcantly different between photospheric (PRE) and non-photospheric (non-
PRE) bursts, as well as between non-PRE bursts that happen when the source
is in the hard state (hard non-PRE bursts) and the soft state (soft non-PRE
bursts). We also found that the temperature distribution at different ﬂux lev-
els during the cooling phase is signiﬁcantly different between PRE, hard non-
PRE and soft non-PRE bursts. This is consistent with the fact that different
types of bursts have different power-law indices in the ﬂux-temperature di-
agram. This result (see also Gottwald et al. 1986; Bhattacharyya et al. 2010;
Suleimanov et al. 2011) is at variance with the ﬁndings of G¨ uver et al. (2010),
who studied three PRE bursts in another source, 4U 1820–30, and found that
these PRE bursts follow the Fb ∝ T4
bb relation quite well. G¨ uver et al. (2010),
however, did not consider two other PRE bursts in this source because the
cooling phase of these two bursts showed a complex behavior, in which the
emitting neutron-star area appeared not to be constant. Here we studied 65
PRE bursts and 221 non-PRE bursts (out of which 94 and 129 were, respec-
tively, hard non-PRE and soft non-PRE bursts), and we did not discard any
burst in our sample. While some of the individual bursts in 4U 1636–53 could
lay close to the Fb ∝ T4
bb relation (see Fig. 4.3), several others deviate signiﬁ-
cantly from that relation, and on average the relation is signiﬁcantly different
from Fb ∝ T4
bb for any type of burst in our sample. The discrepancy between
our results and those of G¨ uver et al. (2010) could be due to differences be-
tween the two sources: 4U 1820–30 is an ultracompact binary, with an orbital
period of 685s, in which the neutron star accretes He from the companion4.4: Discussion 63
(Stella et al. 1987; Cumming 2003), whereas 4U 1636–53 has a longer orbital
period (3.8 hours; see §1), and the accreted material is mostly hydrogen. It
is also possible that the results of G¨ uver et al. (2010) are biased by the small
number of bursts they used, three PRE bursts in their case compared to 65 in
our case, or by the fact that they ignored two of the PRE bursts in 4U 1820–30
for their analysis.
Time-resolved spectra in the cooling phase of thermonuclear X-ray bursts
can be used to measure the radii and masses of neutron stars. The net spectra
of the thermonuclear X-ray bursts are usually well described by a blackbody
spectrum (Strohmayer & Bildsten 2003; Galloway et al. 2008a), which allows
us to obtain Rbb, Tbb, the blackbody radius and colour temperature, respec-
tively, from which we can calculate the bolometric ﬂux of the neutron star.
The departure from the Fb ∝ T4
bb relation in the cooling phase of all types of
bursts in 4U 1636–53 means that the blackbody radius, Rbb, is not constant
during the cooling phase of the bursts. This could be due to either changes
in the emitting area of the neutron star during this phase, or to changes in
the colour-correction factor, which accounts for hardening of the spectrum
arising from electron scattering in the neutron-star atmosphere (London et al.
1986;Madejetal.2004): fc = Tbb/Teﬀ =
p
R∞/Rbb, whereR∞ istheneutron-
star radius observed at inﬁnity.
If fc remains constant throughout the cooling phase of all X-ray bursts,
the differences of Rbb should due to the changes of the emission area on the
neutron-star surface. From Figure 4.5 and Table 4.4, it is apparent that the
emission area in hard non-PRE bursts is smaller than in PRE bursts and soft
non-PRE bursts, and that at the end of the cooling phase, the emitting area
decreases faster in hard non-PRE bursts than in the other types of bursts.
Gottwald et al. (1986) also found that in EXO 0748-676 the average Rbb in
the cooling phase increases as the persistent ﬂux increases (see also Bildsten
2000). If for hard non-PRE bursts only a fraction of the surface of the neutron
star is emitting during the cooling phase, and the size of the emitting area
decreasesastheburstdecays, onewouldexpecttoseeburstoscillationsinthe
cooling tail of hard non-PRE bursts. However, most bursts with oscillations
in 4U 1636–53 occur when the source is in the soft state (Muno 2004).
Alternatively, if R∞ should remain constant throughout the cooling phase
of all the bursts, variations in Rbb can only be due to changes of fc. We can
write the colour-correction factor as:
fc =
v u
u t
R∞
d
q
F
σT4
bb
=
v u u
t
R(1 + z)
d
q
F
σT4
bb
, (4.1)64 The cooling phase of Type-I X-ray bursts in 4U 1636–53
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where d is the distance to the source, R is the neutron-star radius, z is the
gravitational redshift, and σ is the Stefan-Boltzmann constant. In Figure 4.7
we plot fc as a function of the neutron-star luminosity in Eddington units.
For this plot we assumed R = 9 km, (1+z) = 1.35, d = 6.0 Kpc, and we used
equation (4.1) and the same data (Tbb and Rbb) as in section 4.3.2. To calculate
the ﬂuxes in Eddington units, Fb/FEdd = Lb/LEdd, for PRE and soft non-PRE
bursts we used the average peak ﬂux of PRE bursts as the Eddington ﬂux,
FEdd. Assuming that PRE and soft non-PRE bursts are He bursts, and hard
non-PRE bursts are H bursts, for the hard non-PRE bursts we took 59% of
the Eddington ﬂux that we used in PRE bursts (assuming a hydrogen mass
fraction, X = 0.7).
Figure 4.7 shows that, as the luminosity increases, the colour-correction
factor of PRE and soft non-PRE bursts ﬁrst decreases, then increases, and
ﬁnally remains more or less constant. For hard non-PRE bursts the colour-
correction factor ﬁrst decreases, and then remains more or less constant as
the luminosity increases. At the same luminosity level, fc in PRE and soft
non-PRE bursts is smaller than in hard non-PRE bursts, while fc is consis-
tent with being the same in PRE and soft non-PRE bursts. The data in Figure
4.7 agree qualitatively with the predictions of the model of Suleimanov et al.
(2011) (see their Figure 2), if we assume that during the cooling phase of hard4.4: Discussion 65
non-PRE bursts the neutron-star atmosphere is H rich, whereas for PRE and
soft non-PRE bursts the atmosphere is He rich. At high luminosity levels,
the data show that fc stays constant, and does not increase as quickly as pre-
dicted by the model. We speculate that during the early phases of the cooling
phase of all bursts, there is an enhanced abundance of heavy elements in the
neutron-star atmosphere that were produced during the thermonuclear ﬂash,
and this effect is stronger in the PRE and soft non-PRE bursts where dredge
up of ashes is more effective (Weinberg et al. 2006); as the neutron-star cools
down, the heavy elements settle down faster than H and He, and therefore
the heavy-element abundance in the neutron-star atmosphere decreases as
the burst decays. This is reported by the models of Suleimanov et al. (2011),
in which fc decreases as the high-element abundance in the neutron-star at-
mosphere increases. (The same is true for the model of G¨ uver et al. 2010) It
is then possible that the difference at high luminosity between the data and
the models of Suleimanov et al. (2011) is due to changes of the chemical com-
position of the neutron-star atmosphere during the early cooling phase of the
bursts.
We also found a signiﬁcant difference in the the distribution of the black-
body temperature during the decay of X-ray bursts in 4U 1636–53 in different
types of bursts at different ﬂux levels (see also in’t Zand et al. 2009; Bhat-
tacharyya et al. 2010). At low ﬂux level, the average Tbb is higher in hard
non-PRE bursts than in PRE and soft non-PRE bursts (Figure 4.4; see also
van der Klis et al. 1990). In our sample we have ∼ 130 soft non-PRE bursts
and ∼ 90 hard non-PRE bursts, but in panel (a) of Figure 4.4, non-PRE bursts
have more data points than soft non-PRE bursts. (Remember that each point
in that Figure represents a measurement every 0.5 s in the cooling phase of
the bursts.) This means that hard non-PRE bursts have longer decay times
than PRE and soft non-PRE bursts. The difference of Tbb and burst decay
time can also be explained by different chemical composition of the fuel layer
(Galloway et al. 2008a): If PRE and soft non-PRE bursts ignite in a He-rich en-
vironment, most of the fuel is burnt in a very short timescale, and therefore
these bursts show fast cooling at the decay phase. The hard non-PRE bursts
ignite in a H-rich environment. Hydrogen burning proceeds more slowly, be-
cause it is limited by the β-decay moderated by the weak force. During the
cooling of hard non-PRE bursts, the Hydrogen left in the atmosphere keeps
burning. Also, since the hard non-PRE bursts ignite in a H-rich environment,
they have larger fc than the PRE and soft non-PRE bursts that ignite in a
He-rich environment (Madej et al. 2004; Suleimanov et al. 2011; G¨ uver et al.
2010), therefore the hard non-PRE bursts show higher average Tbb than the
PRE and soft non-PRE bursts.
We note that the differences in the distribution of Tbb are more signiﬁcant
at low ﬂux levels. These differences can also be due in part to differences in66 The cooling phase of Type-I X-ray bursts in 4U 1636–53
the underlying emission of the neutron star due to continued accretion dur-
ing the burst. Van Paradijs & Lewin (1986) argued that the net burst spectrum
is not a blackbody, and at the end of the burst the Tbb of the net burst spec-
trum is directly related to the neutron-star surface temperature just before
the burst. Therefore, differences in the average Tbb may reﬂect differences in
the neutron-star surface temperature, depending on the state of the source
at the time the burst starts. However, there are signiﬁcant differences in the
distribution of Tbb at low ﬂux levels between PRE and soft non-PRE bursts,
whereas both types of bursts occur when 4U 1636–53 is in the soft state, and
therefore the persistent spectrum before the bursts should be similar. Also,
both types of bursts should ignite in a layer with similar chemical composi-
tion, which makes it difﬁcult to explain the differences by differences in the
pre-burst persistent emission, fc or emission areas.
4.5 Conclution
We studied the cooling phase of type-I X-ray bursts in the LMXB 4U 1636–53
using all available RXTE data. We divided the bursts in three groups accord-
ing to their properties and the spectral state of the source at the time the burst
started: Photospheric radius expansion (PRE), hard and soft non-PRE bursts,
respectively. (Soft non-PRE and PRE bursts occurred in the soft state of the
source.) We found that, during the cooling phase of the bursts:
• For all types of bursts, the average bolometric-ﬂux vs. temperature re-
lation, Fb −Tbb, is signiﬁcantly different than the Fb ∝ T4
bb relation that
would be expected if the apparent emitting area on the neutron star
remained constant during the decay of the bursts.
• For all types of bursts, the average Fb−Tbb relation cannot be described
by single power law over the whole ﬂux range.
• The average Fb − Tbb relation is signiﬁcantly different for PRE, hard
non-PRE and soft non-PRE bursts.
• In line with the previous conclusions, the temperature distribution at
different ﬂux levels is signiﬁcantly different for PRE, hard non-PRE and
soft non-PRE bursts.
These results imply that either the emitting area on the neutron-star sur-
face or, most likely, the colour-correction factor changes during the cooling
phase of X-ray bursts.
We calculated the colour-correction factor separately for the three types of
bursts. Compared to the models of Suleimanov et al. (2011), the dependence
of the colour-correction factor with luminosity (in Eddington units) is consis-
tent with a scenario in which the main source of fuel in hard non-PRE bursts4.5: Conclution 67
is hydrogen, whereas for soft non-PRE and PRE bursts the main source of
fuel is helium.
Based on the dependence of the colour-correction factor with luminos-
ity at high luminosity, we suggest that at the beginning of the cooling phase
of the bursts there is an enhanced metal abundance in the neutron star at-
mosphere, and that the relative metal abundance decreases as the burst ﬂux
decreases.
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Abstract
We analyzed all archival data of the low-mass X-ray binary system 4U
1636–53 with the Rossi X-ray Timing Explorer (1490 observations). We
found a total of 336 type-I X-ray bursts from this source. From ﬁts to the
time-resolved spectra, we classiﬁed 69 of these bursts as photospheric
radius-expansion (PRE) bursts. PRE bursts show a characteristic time
proﬁle in which the ﬁtted blackbody radius increases rapidly at the be-
ginning of the burst, and then drops abruptly close to the peak of the
burst. The lowest value of the radius after the expansion phase deﬁnes
the so-called touchdown point. We found that in 17 of the PRE bursts,
after the touchdown point, the blackbody radius increases again quickly
after about 1 second, and from then on the radius decreases slightly
or it remains more or less constant. In the other 52 PRE bursts, after
touchdown, the radius of the blackbody stays more or less constant for
∼ 2 − 8 seconds, and after that it increases slowly. Interestingly, those
PRE bursts in which the blackbody radius remains more or less con-
stant for > ∼2 seconds show coherent oscillations in the tail of the burst,
whereas those PRE in which the blackbody radius changes rapidly after
touchdown show no coherent oscillations in the tail of the burst. From
a Kolmogorov-Smirnov test we ﬁnd that the difference between the two
groupsofPREburstsissigniﬁcantata5-σ level. Thisistheﬁrsttimethat
the presence of burst oscillations in the tail of X-ray bursts is associated
with a systematic behaviour of the spectral parameters in that phase of
the bursts. This result is consistent with predictions of models that as-
sociate the oscillations in the tail of X-ray bursts with the propagation
of a cooling wake in the material on the neutron-star surface during the
decay of the bursts.5.1: Introduction 71
5.1 Introduction
Thermonuclear, type-I, X-ray bursts (e.g., Lewin et al. 1993; Strohmayer &
Bildsten 2003; Galloway et al. 2008a) are due to unstable burning of H and He
on the surface of accreting neutron stars in low-mass X-ray binaries (LMXBs).
Some X-ray bursts are strong enough to lift up the outer layers of the star.
During these so-called photospheric radius expansion (PRE) bursts (e.g.,
Basinska et al. 1984a; Kuulkers et al. 2002), the radiation ﬂux that emerges
from the stellar surface is limited by the Eddington ﬂux.
One of the best studied sources of X-ray bursts is the LMXB 4U 1636–53.
For instance, from observations with the Rossi X-ray Timing Explorer (RXTE)
up to May 2010, Zhang et al. (2011) detected 298 X-ray bursts. Most of these
bursts have standard, single-peaked, fast rising and exponentially decaying
light curves; 52 of these bursts are PRE bursts (Zhang et al. 2011).
Some of the bursts in 4U 1636–53 show millisecond oscillations at 581
Hz, the so-called burst oscillations (Strohmayer et al. 1998a). This oscilla-
tions likely reﬂect the spin frequency of the neutron star (Strohmayer et al.
1997; Chakrabarty et al. 2003). Similar burst oscillations have been detected
in several other low-luminosity accreting neutron-star systems (for a review
see, e.g. Muno et al. 2001), e.g. 4U 1728–34, 4U 1608–52, KS 1731–260 and
Aquila X–1. Burst oscillations do not occur in every burst from these LMXBs;
but when burst oscillations are present, they occur sometimes during the rise,
sometimes in the decay, and sometimes both in the rise and the decay of the
burst. In KS 1731–260, oscillations are only found at high mass accretion rate,
both in the rise and the decay of the burst, and all but one of the bursts with
oscillations also show radius expansion (Muno et al. 2001). In 4U 1728–34,
burst oscillations (both in the rise and the decay) are also only detected when
the mass accretion rate is high, whereas most PRE bursts occur when the
accretion rate is low, and these PRE bursts show no burst oscillations (van
Straaten et al. 2001; Franco 2001). In 4U 1636–53, the situation is more com-
plex than in 4U 1731–260 and 4U 1728–34. Burst oscillations in 4U 1636–53
are observed both in PRE and non-PRE bursts, and are detected both at low
and high mass accretion rate (Zhang et al. 2011). From these results, it ap-
pears that in 4U 1636–53 burst oscillations are neither correlated with mass
accretion rate nor with the PRE phenomenon.
Burst oscillations have been explained as arising from rotation of a bright-
ness asymmetry on the neutron-star surface at the spin frequency of the neu-
tron star (Strohmayer et al. 1997). Asymmetries in the emission pattern of the
neutron-star surface in the rising phase of thermonuclear X-ray bursts can be
due to initially localized nuclear burning at the place where the burst ﬁrst ig-
nites; the ﬂame front subsequently spreads to the entire neutron-star surface,
and the asymmetry, and hence the oscillations, disappears (Strohmayer et al.72 Oscillations in the decaying phase of X-ray bursts
1996). Strohmayer et al. (1997) found that the amplitude of the burst oscilla-
tions in 4U 1728–34 decreases monotonically as the burst ﬂux increases dur-
ing the rising phase of the burst. This result is consistent with the spreading
hotspot model, sinceasthespotgrowsinsize, theamplitudeoftheoscillation
should decrease.
As we already mentioned, oscillations are detected not only in the rising,
but also at the peak and the decaying phase (the so-called tail) of X-ray burst;
in fact, burst oscillations are most commonly detected in the tail of the bursts
(hereafter tail oscillations; van Straaten et al. 2001; Muno et al. 2002; Gal-
loway et al. 2008a). Most burst oscillations exhibit a frequency drift of ∼ 1−5
Hz in the tail of the burst (Wijnands et al. 2001; Galloway et al. 2001; Muno
et al. 2002). In general the frequency of the oscillations increases towards an
asymptotic value in the tail of the burst, although Strohmayer et al. (1998a)
and Strohmayer (1999) found that in 4U 1636–53 the frequency of the oscil-
lations decreases in some bursts. The spreading hotspot model can neither
explain the tail oscillations, nor this frequency drift (Cumming & Bildsten
2000; Cumming et al. 2002).
Regarding the tail oscillations, Payne & Melatos (2006) proposed that dur-
ing the decaying phase of the burst, the burning front is stalled by the pres-
ence of a magnetic ﬁeld; the combination of partial surface burning and mag-
netic ﬁelds could lead to anisotropic emission during the tail of X-ray bursts.
Alternatively, a cooling wake in the tail of the burst due to hydrodynamic
instabilities can also produce asymmetric emission (Spitkovsky et al. 2002).
Finally, instability modes (eg., presure, gravity, buoyancy, etc.) excited in the
neutron star burning layer can also produce burst oscillations; this scenario
can also account for the observed frequency drift of the oscillations in the tail
of some bursts (Cumming & Bildsten 2000; Heyl 2004; Piro & Bildsten 2005).
In this paper we compare simultaneous power density spectra and time-
resolvedenergy spectra of 336 X-ray bursts in 4U 1636–53. We ﬁnd that bursts
with oscillations in the tail of the burst always show an extended period of a
more or less constant blackbody radius during the burst decay. We describe
the observations and data analysis in §5.2, and we present our results in §5.3.
Finally, in §5.4 we discuss our ﬁndings and compare them with current mod-
els for burst oscillations.
5.2 Observation and data analysis
We analyzed all available data (1490 observations) of 4U 1636–53 from the
Proportional Counter Array (PCA) on board RXTE. The PCA consists of an
array of ﬁve collimated proportional counter units (PCUs) operating in the
2−60 keV range. We produced 0.5-s light curves from the Standard-1 data
(0.125-s time-resolution with no energy resolution) and searched for X-ray5.2: Observation and data analysis 73
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Fig. 5.1: Colour-colour diagram of all RXTE observations of 4U 1636–53. The grey
points represent the colours of the source from all available RXTE observations. Each
point in this diagram corresponds to 256 s of data. The colours of 4U 1636–53 are
normalized to the colours of Crab. The blue ﬁlled circles represent the colours of the
persistent emission of the source at the onset of a PRE X-ray burst with tail oscilla-
tions. TheredopensquaresindicatethesameforPREburstswithouttailoscillations.
The position of the source on the diagram is parametrized by the length of the black
solid curve Sa.
bursts in these light curves following the procedure described in Zhang et al.
(2011).
We used the Standard-2 data (16-s time-resolution and 129 channels cov-
ering the full 2 − 60 keV PCA band) to calculate X-ray colours of the source
(see Zhang et al. 2011, for details). Hard and soft colours are deﬁned as the
9.7 − 16.0/6.0 − 9.7 keV and 3.5 − 6.0/2.0 − 3.5 keV count rate ratios, respec-
tively. We show the colour-colour diagram (CCD) of all observations of 4U
1636–53 in Figure 5.1. We parametrized the position of the source on the dia-
gram by the length of the solid curve Sa (see, e.g. M´ endez et al. 1999), ﬁxing
the values of Sa = 1 and Sa = 2 at the top-right and the bottom-left vertex of
the CCD, respectively.
In order to study the bursts in detail, we used the high-time resolution
modes that were available for each observation to produce time-resolved
spectra of each burst. About 8% of the observations have a mode with 500-µs74 Oscillations in the decaying phase of X-ray bursts
time resolution. The rest of the observations have a mode with at least 125-µs
time resolution. For every burst we produced a spectrum every 0.25 s during
the rising part and the peak, and 0.5 s, 1 s and 2 s during the decay, cover-
ing the whole duration of the burst. The variable exposure time was tailored
to collect more or less the same number of counts per spectrum. We gen-
erated the instrument response matrix for each spectrum with the standard
FTOOLS routine pcarsp, and we corrected each spectrum for dead time using
the methods supplied by the RXTE team. Because of the short exposure of
each spectrum, in this case the statistical errors dominate, and therefore we
did not add any systematic error to the spectra. For each burst we extracted
the spectrum of the persistent emission just before (or after) the burst to use
as background in our ﬁts; this approach, used to obtain the net emission of
a burst, is a well established procedure in X-ray burst analysis (e.g. Kuulk-
ers et al. 2002). We note that this procedure fails if the blackbody component
during the burst comes from the same source that produces the blackbody
component seen in the persistent emission, since the difference between two
blackbody spectra is not a blackbody (van Paradijs & Lewin 1986). This ef-
fect is signiﬁcant only when the net burst emission is small, and therefore
problems may arise only at the start and the tail of the burst, when the burst
emission is comparable to the persistent emission (see the discussion in Ku-
ulkers et al. 2002). In Zhang et al. (2011), we already established that this
issue does not affect the spectral results in 4U 1636–53.
We ﬁtted the spectra using XSPEC version 12.7.0 (Arnaud 1996), re-
stricting the spectral ﬁts to the energy range 3.0 − 20.0 keV. We ﬁtted the
time-resolved net burst spectra with a single-temperature blackbody model
(bbodyrad in XSPEC), as generally burst spectra are well ﬁtted by a blackbody
(Galloway et al. 2008a). We also included the effect of interstellar absorption
along the line of sight using the XSPEC model wabs. During the ﬁtting we
kept the hydrogen column density, NH, ﬁxed at 0.36×1022cm−2 (Pandel et al.
2008), and to calculate the radius of the emitting blackbody area in km, Rbb,
we assumed a distance of 5.95 kpc (Galloway et al. 2008a).
For each burst we computed Fourier power density spectra (PDS) from
2-s data segments for the duration of the burst using the data over the full
PCA band pass, setting the start time of each segment to 0.125 s after the
start time of the previous segment. Because of this, the individual power
spectra are not independent. The Nyquist frequency of these power spectra
was always 1024 Hz. We used these PDS to produce time-frequency plots
(also known as dynamic power spectra; see Berger et al. 1996) of each burst.
For each burst, we searched for coherent oscillations between 577 Hz and 582
Hz for the duration of the burst. We considered that a signal was signiﬁcant
if it had a probability of < 10−4 that it was produced by noise, accounting
for the number of independent trials. Since the individual power spectra are5.2: Observation and data analysis 75
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Fig. 5.2: Top panel: A PRE burst with tail oscillation. Bottom panel: A PRE burst
without tail oscillations. The black histogram shows the average count rate in 2-
s interval every 0.125s. The contour lines show constant power values, increasing
from 10 to 40 in steps of 10 (values are in Leahy units), as a function of frequency (see
the left y-axis). Black ﬁlled circles connected by a line show the blackbody radius as
a function of time (see the right y-axis). The red vertical lines deﬁne the PTD phase
(see text). Note also the power contours at ∼ 579 − 581Hz at the beginning of the
bursts, which are due to oscillations in the rising of the burst.76 Oscillations in the decaying phase of X-ray bursts
not independent, to estimate the number of trials we divided the duration
of the burst by the length of the PDS (2 s). Finally, we consider that a burst
has tail oscillations if the oscillations appear after the peak of the burst. If we
normalize the power spectra according to Leahy et al. (1983), the fractional
rms amplitude at a given frequency is
A =
￿
Pm
Iγ
￿ 1
2 ￿
Iγ
Iγ − Ib
￿
, (5.1)
wherePm isthemeasuredpower, Iγ isthetotalnumberofcounts(sourceplus
background), and Ib is the number of background counts (Belloni & Hasinger
1990). To calculate the signal power, Ps, from the measured power, and ac-
counting for the distribution of powers from Poisson noise in the power spec-
trum, we used the algorithm described in the appendix of Vaughan et al.
(1994). We calculated the error bars of the rms amplitude using the same
method discussed in Watts et al. (2005). For details on how to calculate the
signal power from the measured power, see Vaughan et al. (1994), Muno et al.
(2002), Watts et al. (2005) and Watts (2012).
5.3 Results
We examined the time-resolved energy spectra of all the 336 bursts in 4U
1636–53 to identify the PRE and non-PRE bursts. Here we concentrate only
on the PRE bursts, and in particular in the time interval immediately after
the radius expansion and contraction phase. In all PRE bursts the blackbody
radius ﬁrst increases, it then decreases abruptly to a local minimum (the so-
called touch-down, TD, point) and after that it either increases or decreases
slowly. We show two examples of PRE bursts in Figure 5.2. In order to com-
pare the power spectrum and the ﬁtted blackbody radius within the same
time interval, we ﬁrst ﬁtted the energy spectrum every 0.25 s, and we then
calculated the average blackbody radius in 2-s interval (8 consecutive energy
spectra). We plot the average blackbody radius as a function of time with
black ﬁlled circles connected with a line in Figure 5.2. We also show the burst
light curve at a resolution of 2 s and a 0.125-s step with the solid line in that
Figure.
We ﬁnd that the behaviour of the blackbody radius after TD is not the
same in all PRE bursts. In 52 out of the 69 PRE bursts, after the expansion
phase the blackbody radius ﬁrst decreases rapidly, it then continues decreas-
ing at a lower rate, it reaches a minimum value of ∼ 7 − 8 km, and ﬁnally it
increases slowly towards the tail of the burst (see Figure 5.2(a)). In the other
17 PRE bursts, after the expansion phase the blackbody radius ﬁrst decreases
rapidly to a minimum of ∼ 7 − 8 km, then it immediately increases again5.3: Results 77
very quickly, and ﬁnally it either decreases slightly, or it remains more or less
constant (see Figure 5.2(b)). We can classify all 69 PRE bursts in 4U 1636–53
into one of these two groups.
While it is apparent that the duration of the phase around the minimum
radius is not always the same among the 69 PRE bursts, we need to ﬁnd an
objective way to measure the length of this phase, for instance choosing a
contiguous time interval within which the radius is below a certain value.
Clearly this value has to be larger than the minimum radius reached in all
bursts after the expansion phase, and it has to be smaller than the local maxi-
mum of the radius just after the radius at the touchdown point in bursts like
the one in Figure 5.2(b). We therefore deﬁne the post touchdown (PTD) phase
as the contiguous time interval after the peak of the burst in which the radius
of the ﬁtted blackbody is less than 8 km. Our results do not change signif-
icantly if we choose a value between 8 km and 8.5 km. If we used a value
smaller than 8 km, the length of the PTD phase of several bursts would be
zero, while if we used a value larger than 8.5 km, the length of the PTD phase
of several bursts would be unbound. We indicate the PTD phase by the two
red vertical lines in Figure 5.2. We ﬁnd that most PRE bursts in 4U 1636–53
show a long PTD phase, tPDT > 2 − 8s.
We also examined all the dynamic power spectra of these PRE bursts,
concentrating only on the oscillations in the decaying phase of the burst. We
ﬁnd that 52 out of the 69 PRE bursts in 4U 1636–53 have tail oscillations (see
contour plot in Figure 5.2(a)). The contours of constant power as a function
of frequency and time shown in Figure 5.2(a) were calculated from 2-s power
spectra. We calculated the upper limit of the power for the 17 PRE bursts in
which we did not detect tail oscillations (Groth 1975; Vaughan et al. 1994).
Except for four bursts, the upper limits are lower than the average power of
the detected tail oscillations. During the other four bursts only one or two
of the ﬁve PCU detectors were on, and hence the upper limits are not very
constraining. FromthetwoexamplesinFigure5.2itisapparentthattheburst
in Figure 5.2(a), which shows a long (∼ 6s) PTD phase, has oscillations at the
tail, while the burst in Figure 5.2(b), which has a short (∼ 1s) PTD phase, has
no oscillations at the tail.
We ﬁnd that bursts that show tail oscillations have in general longer PTD
phase than those that do not show tail oscillations. In order to quantify this,
we calculated the duration of the PTD phase, hereafter the PTD time, for all
PRE bursts and divided the PRE bursts into two groups: burst with and with-
out tail oscillations. Figure 5.3(a) shows the distribution of the time for PRE
bursts with (blue thick lines) and without (green thin lines) tail oscillations.
This plot conﬁrms our initial impression: bursts with tail oscillations have on
average ∼ 4 times longer PTD times than burst without tail oscillations. We
carried out a Kolmogorov–Smirnov (KS) test to assess whether the two dis-78 Oscillations in the decaying phase of X-ray bursts
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Fig. 5.3: Top panel: Distribution of, respectively, the PTD time and average PTD
radius for the PRE bursts with and without tail oscillations in 4U 1636–53. Bottom
panel: Distribution of the Sa values for, respectively, the raw data and exposure-
normalized bursts with and without tail oscillations in 4U 1636–53. The bursts with
and without oscillations are shown by thick blue lines and thin green lines, respec-
tively.
tributions are consistent with being samples of the same parent population.
We ﬁnd a chance probability of 3.5 × 10−7.
We also calculated the average PTD blackbody radius (hereafter PTD ra-
dius) for PRE bursts with and without tail oscillations. The two distributions
are plotted in Figure 5.3(b). The KS-test probability that both samples come
from the same parent population is 2.2 × 10−3.
Figure 5.3(c) shows the distributions of Sa for the PRE bursts with and
without tail oscillations. We ﬁnd that the PRE bursts with tail oscillations
have Sa values that are larger than 1.9, and the distribution peaks at Sa ∼ 2.1,
whereas PRE bursts without tail oscillations distribute uniformly from Sa ∼
1.7 to Sa ∼ 2.4,
To compensate for the fact that RXTE did not sample the CCD of 4U 1636–5.4: Discussion 79
53 evenly, we normalized the bursts number per Sa bin in Figure 5.3(c) by
the total exposure time with RXTE at each position in the CCD. We show
the resulting distribution in Figure 5.3(d). We ﬁnd that the distribution of
Sa in PRE bursts with tail oscillations still peaks at Sa ∼ 2.1, whereas the
distribution of Sa in PRE bursts without tail oscillations peaks at Sa ∼ 1.75.
The KS probability that the two Sa distributions1 come from the same parent
population is 4.4 × 10−4.
In order to check whether there is a correlation between the PTD radius
and the amplitude of the tail oscillation, for each burst we calculated the PTD
radius and the rms amplitude of the tail oscillations every second and aver-
aged the values for each burst. After that, we rebined the data by a factor of 6
and plotted them in Figure 5.4. From this Figure it appears that the fractional
rms amplitude decreases as the average PTD radius increases. We ﬁtted the
data both with a constant and a linear function, and we carried out an F-test
to compare both ﬁts. The F-test probability is 6.1×10−3, indicating that a lin-
ear ﬁt is marginally better than a ﬁt with a constant. We found no signiﬁcant
correlation between fractional rms amplitude and PTD time.
Wealsodetectedninenon-PREburstswithtailoscillationsinourobserva-
tions. Similar to the case of PRE bursts, after the peak of the burst, the energy
spectra of these non-PRE bursts show a period in which Rbb remains more or
less constant during the time in which tail oscillations are present (see Figure
5.5). However, in this case it is difﬁcult to identify the PTD phase because
non-PRE bursts do not have (by deﬁnition) a radius expansion phase, and a
subsequent TD point. We therefore did not include non-PRE bursts in our
analysis, although it is quite possible that the connection between constant
Rbb and tail oscillations applies also to this kind of bursts.
5.4 Discussion
We analyzed all 336 type-I X-ray bursts in the LMXB 4U 1636–53 observed
with RXTE; 69 of them are PRE bursts. For the ﬁrst time, we correlated the
behaviour of the spectral parameters of the bursts with the presence of os-
cillations in the decaying phase of these PRE bursts. We ﬁnd that, after the
radius contraction phase, in some bursts the blackbody radius reaches a min-
imum value followed by a fast increase (short PTD phase). We do not detect
burst oscillations during the decaying phase of these bursts. In other bursts,
the blackbody radius reaches the minimum value followed by a slow evo-
lution (long PTD phase). We do detect tail oscillations in these bursts. We
1This is the KS probability from the raw data, i.e., without normalizing the number of
bursts per Sa interval according to the RXTE exposure along the CCD. We get an even lower
probability if we instead compare the two histograms in Figure 5.3(c) using the χ
2 test. Here
we take the most conservative result.80 Oscillations in the decaying phase of X-ray bursts
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Fig. 5.4: Fractional rms amplitude versus PTD radius for all the PRE bursts with tail
oscillations in 4U 1636–53.
compare the PTD time in the PRE bursts with and without tail oscillations,
and ﬁnd a signiﬁcant difference (5σ) between the two burst classes.
The mechanism that produces burst oscillations, and why these os-
cillations are not present in all type-I X-ray bursts, still remains unclear
(Strohmayer et al. 1996, 1998a; Muno et al. 2002; Muno 2004). Unstable
nuclear burning is likely not happening uniformly across the neutron-star
surface so, as the neutron star rotates, variations of the neutron-star surface
brightness and the neutron-star rotation should produce oscillations during
an X-ray burst. Strohmayer et al. (1996) suggested that burst oscillations are
caused by asymmetries due to initially localized nuclear burning (the igni-
tion point of the burst) that later spreads over the surface of the neutron star
in the rising phase of the burst. This scenario, however, cannot explain the
tail oscillations that persist for as long as 5–10 s, unless the asymmetry can
be maintained for such a long period. Bildsten (1995) suggested that in some
bursts only part of the surface is burning; magnetic ﬁelds and patchy burning
could lead to anisotropic emission during X-ray bursts. Cumming & Bild-
sten (2000), Heyl (2004) and Piro & Bildsten (2005) proposed that modes (eg.,
presure, gravity, buoyancy, etc.) excited in the neutron-star burning layer can
produce burst oscillations in the tail of the burst, and that the frequency drift
observedin the tail ofsome bursts is dueto a changing mode frequencyas the
burning layer cools. Spitkovsky et al. (2002) suggested that the oscillations in
the rising phase of the burst are from a slow-moving spot on the neutron-star5.4: Discussion 81
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Fig. 5.5: A non-PRE burst with tail oscillations in 4U 1636–53. The symbols are the
same as in Figure 5.3.
surface. The brightness anisotropy may arise from hydrodynamic instabili-
ties in the burning material. Spitkovsky et al. (2002) found that the speed of
the burning front near the equator is higher than that near the poles. Further-
more, these authors also suggested that tail oscillations could be due to the
spread of a cooling wake, which is formed by vortices during the cooling of
the neutron-star atmosphere. In this scenario, the speed of the cooling wake
would also depend on latitude. Cumming (2005) connected the ideas of un-
stable zonal ﬂows and oscillation modes, and studied the linear stability of
shearing zonal ﬂows during the tail of type-I X-ray bursts. He found that a
differential rotation of 2% between the pole and the equator, with the equator
spinning faster than the poles, is unstable to hydrodynamic shear instabili-
ties. Growth of shear instabilities may explain the brightness asymmetry that
produces the oscillations in the tails of X-ray bursts.
Our results match some of the predictions of the model by Spitkovsky
et al. (2002), if we assume that the bursts with tail oscillations are due to a
cooling wake starting near the poles, while bursts without tail oscillations are
due to a cooling wake starting near the equator. According to this model, the
width and speed of the cooling wake should decrease by a factor of ∼ 4 as the
front propagates from the equator to the pole. If the cooling wake starts from
the equator, then the entire equator belt is likely covered very rapidly, and
the asymmetry during the cooling, which is needed for the burst oscillations,
disappears. After the atmosphere contracts to the neutron star surface, the82 Oscillations in the decaying phase of X-ray bursts
emission area changes very quickly due to the high speed of the cooling wake
neartheequator. Theseburstswouldthenhavenotailoscillationsandashort
PTD phase.
If the cooling wake starts at high latitude, the front speed is slower than
that in the equator (see Fig. 8 in Spitkovsky et al. 2002). After the atmosphere
contracts to the neutron-star surface, the emission area changes slowly. The
low speed of the cooling wake on the neutron star means that the asymmet-
ric emission during the tail of the burst lasts longer, and the emission area
changes slowly. These bursts would then have tail oscillations and a long
PTD phase. It is interesting that bursts with tail oscillations have a PTD time
that is about 4 times longer than that of bursts without tail oscillations (see
Figure 5.3(a)), consistent with the prediction of Spitkovsky et al. (2002)
FollowingthemodelbySpitkovskyetal.(2002), Cooper&Narayan(2007)
found that in a neutron-star X-ray binary system, when the source evolves
from low to high mass accretion rate, the area where physical conditions for
unstable burning (where the burst should ignite) moves from low to high
latitudes on the neutron-star surface. We ﬁnd that PRE bursts with tail os-
cillations always appear in the colour-colour diagram at high Sa values (see
histogram with thick lines in Figure 5.3(c)). Sa is considered to be correlated
to mass accretion rate (Hasinger & van der Klis 1989; M´ endez et al. 1999).
This suggests that the cooling wake of PRE bursts with tail oscillations starts
at high latitude, when the source is in the high mass accretion rate state.
If bursts oscillations are due to a brightness asymmetry on the neutron-
star surface, the larger the area of the asymmetry the smaller the amplitude
of the modulation. In Figure 5.4 we ﬁnd marginal evidence that the fractional
rms amplitude decreases as the average PTD radius increases in bursts with
tail oscillations.
We note that the observed changes in the blackbody radius in the tail of X-
ray bursts could also be due to the effect of spectral hardening (colour factor),
caused by the electron scattering in the neutron star atmosphere (Suleimanov
et al. 2011; Zhang et al. 2011). Since the colour factor depends mainly on the
ratio L/LEdd, and the PRE bursts in 4U 1636–53 always show similar ﬂux
during the PTD phase, the colour factor cannot explain the different duration
of the PTD phase in the PRE bursts. Kaptein et al. (2000) tried to correct
the temperature and radius in X-ray bursts for this effect, but changes in the
blackbody radius do not disappear after applying this correction.
The reason to study the tail oscillations only in PRE bursts is that the
phase after the TD point can only be identiﬁed in PRE bursts (since non-PRE
bursts do not have a touchdown point). Nevertheless, the relation between
PTD radius and PTD time on one hand, and tail oscillations on the other, may
actually extend to non-PRE bursts as well. Some non-PRE bursts in 4U 1636–
53 show tail oscillations, and the blackbody radius stays constant as well dur-5.4: Discussion 83
ing the oscillating time (see Figure 5.5). This suggests that tail oscillations are
always associated with an emitting area that remains constant for a while,
regardless of the nature (PRE or non-PRE) of the bursts. We note that there
are instances in which the blackbody radius stays constant for a sufﬁciently
long period in some non-PRE bursts in 4U 1636–53, whereas tail oscillations
are not detected in these bursts. This suggests that the blackbody radius stay-
ing constant for a while is a necessary but not a sufﬁcient condition for the
presence of tail oscillations in 4U 1636–53.
Both positive and negative drift of the frequency of burst oscillations
have been detected in 4U 1636-53 (Strohmayer et al. 1998a; Strohmayer 1999).
Strohmayer (1999) found that in 4U 1636–53 an episode of a negative fre-
quency drift was correlated with the appearance in the burst of an extended
tail of emission with a decay timescale much longer than in other bursts from
thissource. Ifweassumethattailoscillationsarefromvorticesintheneutron-
star atmosphere (Spitkovsky et al. 2002), the direction in which the vortices
drift on the surface of the neutron-star may affect the oscillation frequency.
When the vortices move toward the pole, the frequency of oscillations de-
creases and the low-speed cooling wake makes this a burst with an extended
emission tail. When the vortices move toward the equator, the frequency of
oscillations increases and the high-speed cooling wake makes these bursts
decay fast.
Our analysis shows that tail oscillations in type-I X-ray bursts in 4U 1636–
53 are always associated with an emitting area that remains more or less con-
stant for at least ∼ 2 − 8 s. A similar trend is apparent in another LMXB
system, 4U 1728–34 (Zhang et al. in prep.). In hindsight, this trend in 4U
1728–34 is already visible in Fig. 1 of van Straaten et al. (2001) and in 4U
1731-260 in Fig. 5 of Muno et al. (2000), although it was then not recognized
by those authors, probably because of the low number of bursts available at
the time.
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R¨ ontgendubbelstersystemen behoren tot de helderste bronnen aan de ster-
renhemel. Een r¨ ontgendubbelstersysteem bestaat uit een normale ster en een
compact object (een neutronenster of een zwart gat). Hun belangrijkste en-
ergiebron is de gravitationele energie die vrijkomt wanneer materie van de
begeleidende ster naar de neutronenster (NS) of het zwarte gat (BH; ver-
taald uit het Engels: black hole) valt, een proces dat wordt aangeduid met
accretie. Deze systemen geven een uniek inzicht op de fysica in zeer sterke
zwaartekrachtsvelden en materie met een extreem hoge dichtheid. De studie
van accretie beslaat dus een breed scala aan onderwerpen en is zeer belan-
grijk.
R¨ ontgendubbelstersystemen worden onderverdeeld in twee typen: de
hoge massa r¨ ontgendubbelsterren (HMXBs; Engelse afkorting) en de lage
massa r¨ ontgendubbelsterren (LMXBs; Engelse afkorting). In dit proefschrift
richtikmeopdeLMXBsdieeenneutronensteralscompactobjecthebben(zie
Figuur1). Neutronensterrenzijnbronnenmetdehoogstedichtheiddieinons
heelal waargenomen zijn en vormen hierdoor een perfect laboratorium om
het gedrag van zeer compacte materie te onderzoeken onder omstandighe-
den die niet op Aarde kunnen worden bereikt. Nauwkeurige bepalingen van
de massa en straal van een neutronenster kunnen vertellen hoeveel de ma-
terie nog samendrukbaar is onder deze extreme hoge dichtheden en kunnen
leiden tot betere bepalingen van de verschillende mogelijke toestandsvergeli-
jkingen (EOS; vertaald uit het Engels: equation of state) van materie in het
inwendige van de NS. Het begrijpen van de EOS van neutronensterren (de
relatie tussen druk en dichtheid van materie in de NS) is de heilige graal in
neutronensteronderzoek. Door het energiespectrum van de r¨ ontgenstraling
afkomstig van neutronensterren vast te stellen kan de massa en straal van92 Nederlandse samenvatting
Figuur 1: Graﬁsche weergave van een lage massa r¨ ontgendubbelster met zijn belan-
grijkste onderdelen benoemd. De begeleidende ster (rechts) vult zijn ”Roche lobe-
en draagt materie over aan het compacte object (links) door middel van een zoge-
noemde accretieschijf. De illustratie is gemaakt met het programma BinSim, ont-
worpen door Rob Hynes.
een NS beter bepaald worden, mits de compositie van de atmosfeer en afs-
tand tot de NS bekend zijn en het magnetisch veld voldoende zwak is zodat
het niet de opaciteit en de temperatuurverdeling op het oppervlak van de
neutronenster be¨ ınvloedt. Aan deze vereisten kan voldaan worden wanneer
de NS-LMXB in een inactieve staat wordt waargenomen (wanneer er geen
accretie plaatsvindt), in het bijzonder voor bronnen die in bolvormige ster-
renhopen zitten waarvan de afstand bekend is.
In het eerste gedeelte van mijn proefschrift bericht ik over de afstand tot
het NS-LMXB, EXO 0748-676 genaamd, afgeleid uit XMM-Newton waarne-
mingen. Na meer dan 24 jaar actief te zijn geweest, maakte deze bron aan
het eind van 2008 een overgang naar de ’inactieve’ staat. Ik heb een XMM-
Newton waarneming van deze bron geanalyseerd toen deze inactief was,
waarbij ik het spectrum beschrijf met twee verschillende modellen voor een
neutronensteratmosfeer. Op deze wijze, en voor een aangenomen bereik in
afstand tot het systeem, kon ik de toegestane waarden voor de parameters in
het massa-straal diagram voor deze bron beter begrenzen. Door de resultaten
te vergelijken met verschillende EOS voor NS, bepaal ik de afstand tot EXONederlandse samenvatting 93
0748-676. Ik vind dat de EOS voor een zogenoemde ”strange quark”materie
consistent is met de massa en de straal van de neutronenster, mits EXO 0748-
676 op een afstand van minder dan 5 kpc staat, terwijl de EOS voor normale
neutronenstermaterie consistent is met de best bepaalde massa en straal mits
deafstandongeveer7kpcis. Ditlaatstekomtovereenmetdeafstandafgeleid
van de eigenschappen van thermonucleaire kernexplosies.
Thermonucleaire type-1 kernexplosies op neutronensterren, kortweg
kernexplosies genaamd, zijn het gevolg van instabiele verbranding van wa-
terstof (H) en helium (He) op het oppervlak van aangroeiende neutronen-
sterren in LMXBs. Tijdens deze kernexplosies neemt de r¨ ontgenﬂux toe,
tien tot honderd keer het persistente ﬂuxniveau bereikend, in slechts een
enkele seconde (of zelfs sneller), waarna het binnen tientalle seconden min
of meer exponentieel afneemt. De meeste van deze kernexplosies vertonen
een lichtkromme met daarin een enkele piek die snel toeneemt en exponen-
tieel afneemt. Figuur 2 vertoont vier verschillende soorten van kernexplosies
waargenomen in de LMXB 4U 1636-53. Het verschil in tijdschalen van sti-
jging en afname in de ﬂux kan in het algemeen goed worden verklaard door
het verschil in accretiesnelheid en chemische compositie van het NS opper-
vlak. In dit proefschrift verschaf ik een zeer breed beeld van kernexplosies
van neutronensterren in LMXBs. Deze studie is gebaseerd op waarnemingen
genomen met de Rossi X-ray Timing Explorer (RXTE), gebruik makend van
tijdsanalyses en spectroscopie.
RXTE waarnemingen van thermonucleaire kernexplosies op neutronen-
sterren in LMXBs vertonen sterke, zeer coherente en r¨ ontgenheldere oscil-
laties met frequenties tussen 11 en 620 Hz. De waargenomen frequenties ver-
schuiven tijdens de kernexplosie gedurende ongeveer 5 seconde over enkele
Hz, daarbij asymptotisch een maximum frequentie bereikend dat uniek (en
reproduceerbaar) is voor de bronnen waarbij dit fenomeen is waargenomen.
Tijds- en spectrale analyses van de r¨ ontgenstraling van LMXBs duiden op een
roterende modulatie van de ﬂux tijdens de kernexplosie als de oorzaak van
deze oscillaties. Het is zeer waarschijnlijk dat deze oscillaties de rotatiesnel-
heid van de neutronenster onthullen. Het mechanisme dat deze oscillaties
tijdens kernexplosies produceert, als ook de vraag waarom deze oscillaties
niet altijd aanwezig zijn in alle type-1 kernexplosies, blijft onduidelijk. Kern-
explosies worden wel eens toegeschreven aan de draaiing van een heldere
asymmetrie op het oppervlak van de neutronenster. Er bestaan verschillende
modellen voor deze oscillaties die ieder de verspreiding van de thermonu-
cleaire vlammen, de kernprocessen, de modi aangeslagen in de verbrand-
ingslaag en het effect van het magnetisch veld en snelle rotatie beschrijven.
Inhettweedegedeeltevanditproefschrift(hoofdstuk3, 4en5)onderzoek
ik de thermonucleaire kernexplosies op de accreterende neutronenster in de
LMXB,4U1636-53genaamd. InHoofdstuk3presenteerikdeontdekkingvan94 Nederlandse samenvatting
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Figuur 2: Voorbeelden van lichtkrommen van kernexplosies op de neutronenster in
de LMXB 4U 1636-53, waargenomen met RXTE. Het paneel linksboven geeft een ex-
plosie weer met een snelle stijging en afname in de ﬂux, zeer waarschijnlijk het resul-
taat van heliumverbranding. Het middelste paneel bovenaan vertoont een explosie
met eeniets langzamere stijging en afname, karakteristiek voor een gemengde H/He
brandstof. De lichtkromme rechts bovenaan vertoont een explosie met een dubbel-
gepiekt proﬁel en het onderste paneel laat een super-kernexplosie zien die wel 4 uur
lang duurt.
de eerste drievoudig gepiekte kernexplosie van 4U 1636-53, waargenomen
met RXTE is de tweede kernexplosie van dit soort ooit waargenomen. Tijdens
deze bijzondere kernexplosie vond er geen signiﬁcante oscillatie plaats. De
drievoudig gepiekte explosie in 4U 1636-53 als ook diegene waargenomen
met EXOSAT en de dubbelgepiekte explosie, vonden allemaal plaats terwijl
de bron zich in een relatief klein gebied in het kleur-kleur diagram bevond,
overeenkomend met een relatief hoge (afgeleide) accretiesnelheid. Tot op de
dag van vandaag bestaat er geen enkel model dat deze veelvoudig gepiekte
kernexplosies kan verklaren.
In Hoofdstuk 4 introduceer ik de analyse van de koelingsfase van deNederlandse samenvatting 95
type 1 kernexplosie van de LMXB 4U 1636-53. Gebaseerd op de eigenschap-
pen van de kernexplosies en de toestand van de bron op het moment van
de explosie, verdeel ik de kernexplosies in drie groepen: de zogenoemde
”photospheric radius expansion”(PRE), de harde niet-PRE en de zachte niet-
PRE explosies. Ik vind dat tijdens de koelingsfase van de kernexplosies de
gemiddelde relatie tussen de bolometrische ﬂux en de temperatuur signif-
icant afwijkt van de gebruikelijke F ∝ T4 relatie. Deze standaard relatie
wordt verwacht als het schijnbaar uitzendende gebied op het oppervlak van
de neutronenster constant blijft terwijl de ﬂux afneemt tijdens de afname van
de kernexplosie. Verder vind ik dat tijdens de afname van de kernexplosie de
temperatuurverdelingopverschillendeﬂuxniveaussigniﬁcantandersisvoor
de drie soorten kernexplosies. Hieruit concludeer ik dat de harde niet-PRE
kernexplosies ontbranden uit een waterstofrijke atmosfeer, terwijl de zachte
niet-PRE en de PRE explosies een heliumrijke brandstof hebben. Verder con-
cludeer ik dat de aanwezigheid van metalen in de atmosfeer van de neu-
tronenster afneemt met de afnemende kernexplosie, waarschijnlijk omdat de
zware elementen sneller in de atmosfeer zinken dan H en He.
In Hoofdstuk 5 presenteer ik de analyse van alle archiefwaarnemingen
van de LMXB 4U 1636-53 die genomen zijn met RXTE. Voor het allereerst,
correleer ik het gedrag van de spectrale parameters van de kernexplosie met
de aanwezigheid van oscillaties in de fase waar deze PRE explosies afne-
men (de staart van de explosie). Na de fase waarin de straal samentrekt (de
zogenoemde ”post touch-down”fase, kortweg PTD fase), vind ik dat in som-
mige kernexplosies de zogeheten ”blackbody”straal een minimale waarde
bereikt die gevolgd wordt door een snelle toename (dit heet de korte PTD
fase), waarbij we geen oscillaties waarnemen tijdens de afnemende fase van
de kernexplosie. In andere kernexplosies bereikt de ”blackbody”straal een
minimalewaardewaarnaheteenlangzameevolutievolgt(ditwordtdelange
PTD fase genoemd) en we wel oscillaties waarnemen in de staart van de ex-
plosie. We vergelijken hoe de duur van de PTD fases in de PRE explosies
verdeeld zijn over diegene die plaatsvinden met ´ en zonder oscillaties in de
staart van de explosie, en we vinden een signiﬁcant verschil (5σ) tussen deze
twee klassen van kernexplosies. Dit is de eerste keer dat de aanwezigheid
van oscillaties tijdens de afname van kernexplosies gekoppeld wordt aan
een systematisch gedrag van de spectrale parameters in deze fase van de ex-
plosie. Dit resultaat is consistent met voorspellingen gebaseerd op modellen
waarin de oscillaties tijdens de staart van de explosie in verband worden ge-
bracht met de aanwezigheid van een kouder zog, dat zich over het oppervlak
van de NS verplaatst, terwijl de kern explosies afnemen.中 中 中文 文 文摘 摘 摘要 要 要
X射线双星是除太阳以外天空当中最亮的X射线源。 X射线双星一般由一颗普通的恒
星和一颗致密星(白矮星， 中子星或者黑洞)组成。其主要能量来源是吸积到中子星
或者黑洞的伴星物质释放的重力势能。 这些致密星为我们提供了一个研究强引力场
和高密度物质的窗口。根据伴星的质量， X射线双星一般可以分为大质量X射线双
星(HXMB)和小质量X射线双星(LMXB)。
本论文的主要研究目标是中子星-LMXB(如图 1)。 除黑洞外，中子星是我们宇宙
中已知最致密的天体，其极端的（强引力场、强磁场等） 物理环境在地球上是无法
实现的，是研究致密物质在极端物理条件下的天然实验室。 中子星半径和质量的准
确测量，可以揭示物质在极端环境下的物理特性， 限制描述中子星内部物理状态的
物态方程（EOS）。中子星物态方程（中子星内致密物质密度与压强之间的关系）
的理解是中子星研究的至高目标。测量中子星半径、质量和中子星的距离有多种方
法， X射线能谱拟合是其方法之一。此方法需知道中子星大气成份和距离地球的距
离， 而中子星表面磁场足够弱，以至于对中子星表面大气的不透明度和温度分布的
影响可以忽略。 而此条件当中子星系统处于宁静态时可以达到，特别对于处于星团
中的中子星， 其距离可以精确测量。
在论文的第一部分， 利用XMM-Newton的观测数据研究了中子星-低质量X射线
双星EXO 0748–676的距离。 经过了24年的剧烈的吸积活动，在2008年的晚些时候，
这颗源进入了宁静态。 利用此源处于宁静态时XMM-Newton的观测数据，以及两个
中子星的大气模型， 对源的X射线能谱进行了系统研究。对于一个合理估计的距离98 Chinese summary
Figure 1: 小质量X射线双星的示意图。
‘
范围， 可很好的限制此系统在质量-半径参数图上的位置。通过结果和已有中子星物
态方程的比较， 可以对EXO 0748-676的距离进行很好的限制。我发现，只有当源距
离等于或小于5kpc时， 拟合参数才与奇异夸克星的物态方程一致；而当中子星的距
离与从I型X射线爆得出的 7kpc一致时， 我们的拟合结果与一般中子星的物态方程一
致。
I型X射线爆是由于中子星表面吸积的氢和氦的不稳定燃烧产生的核爆。在I型爆
的爆发过程当中， X射线的流量会在几秒中内急剧增加数十或者上百个数量级，
经过几十秒的指数衰减才能恢复到通常的流量水平。绝大部分的X射线爆都表现为
单峰结构， 即X射线的光变曲线呈快速上升并呈指数型式下降的型式。 图2中给出
了LMXB 4U 1636–53中四种不同形式的X射线爆的光变曲线。 在X射线爆光变曲线当
中，X射线流量的变化可呈现的不同的上升和下降的时标。 一般认为，这种现象是由
于中子星吸积率及其表面化学成分的变化导致的。 我的工作主要是基于XTE的观测
数据，通过时变和能谱分析，研究中子星双星I型爆的性质。
通过对RXTE大量观测数据的分析研究，人们在很多I型X射线爆中发现了中心频
率在11-620Hz的准周期震荡， 即爆频震荡现象。在爆中，对5秒的时标上爆频震荡的Chinese summary 99
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Figure 2: 4U 1636–53中四种不同的X射线爆的光变曲线。 上方左侧的图描绘了一个
快速上升并呈指数型式衰减的X射线爆的光变曲线。这种I型爆爆发前， 中子星表面
的氦含量比较高。上方中间的图描述了一个上升和衰减都相对比较慢的X射线爆的光
变曲线。 这种爆爆发前，中子星表面的氢和氦都占有一定的比率。 上方右侧的图给
出了一个双峰结构的I型爆的光变曲线。 下方的图给出了一个超级I型爆发的光变曲
线。它的爆发时间长达四个小时。
频率漂移仅几个Hz，而且对中子星源爆频的最大频率是唯一的。 对I型爆的时变和能
谱的分析表明， X射线爆当中观测到的爆频震荡现象很可能揭示了在LMXB当中的中
子星的自转频率。 然而观测发现并不是所有的I型X射线爆都有爆频震荡现象。 关于
爆频震荡的产生机制至今仍然不是很清楚。一般认为，中子星表面辐射的不均匀，
和中子星的自旋导致了观测到的爆频震荡现象。现在比较流行的模型有: 核燃烧在中
子星表明的扩散，核燃烧层中的本征震荡模型，中子星表面强磁场的不均匀性与中
子星的自旋模型。
在本论文的第二部分，即第三，四，五章， 主要对低质量X射线双星4U 1636–
53中的I型爆的性质进行了系统研究。在第三章， 主要阐述了这颗源中发现的一个三峰I型爆。这是第二次在这颗源当中发现这种三峰I型爆发。 在这个三峰I型爆当中并
没有探测到X射线爆频震荡现象。对这颗源的分析发现， 所有观测到的三峰或者双
峰I型爆都发生在双色图上吸积率较高的区域。 目前为止还没有一个理论模型能够成
功解释这种多峰结构。
在第四章，主要对4U 1636-53这颗源的I型爆的衰减过程进行了系统分析。 根
据I型爆的自身特性和它爆发时源所处的演化状态， I型X射线爆被分为三组，光球
半径膨胀(PRE)，hard non-PRE和soft non-PRE。 如果假定在I型X射线爆的衰减过程
中，中子星表面的辐射面积保持不变， 测量到的X射线流量和黑体温度并不遵循斯特
藩-玻尔兹曼定律。 在I型爆衰减的不同X射线流量段，三组不同的I型爆的黑体温度的
分布明显不同。 通过与中子星的大气模型进行比较我认为， hard non-PRE发生在中
子星大气当中氢元素含量高的时候， 而soft non-PRE和PRE发生在氦的丰度比较高的
时候。 并且我认为中子星大气表面的金属丰度随着I型爆的衰减而减小。 这可能是由
于重的金属元素比氢和氦下沉的速度快。
在第五章，对4U 1636-53当中的光球扩展I型爆(PRE)进行了系统研究。 本文第一
次建立了在I型爆的衰减过程中，能谱参数和爆频震荡的关系。我发现， 有些爆当光
球层收缩到中子星表面以后，测量到的黑体辐射面积先达到一个极小值， 然后迅速
演化变大。在这些I型爆的衰减过程当中并没有发现X射线爆频震荡。 在其余的I型爆
当中，当辐射面积减小到极小值以后， 黑体辐射面积保持相对恒定并缓慢的演化。
在这些I型爆的衰减过程中我们发现了X射线爆频震荡现象。我们对两类I型爆在光球
收缩后， 黑体面积停留在最小值的时间进行了测量，发现这两类I型爆有明显的区
别。 本文第一次揭示了在I型爆的衰减阶段，能谱参数和爆频震荡存在着关联。 我们
的观测结果与爆频震荡源于中子星表面的不均匀冷却模型一致。Acknowledgments
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